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Summary 
The reactions of methyl alcohol, ethyl alcohol, n-propyl 
alcohol, dimethyl ether and diethyl ether on evaporated 
titanium films have been investigated. 
An attempt was made to study the reactions of methyl 
alcohol and of ethyl alcohol using an AEI MS10 mass 
spectrometer. 	"Clean" titanium films were obtained, after 
overnight baking of the reaction vessel system at 1+00 °C, by 
evaporation of a "hairpin" of the metal on to the walls of 
a 'Pyrex' reaction vessel which was at 0 ° C. 	The pressure 
in the system during evaporation was always less than 
1 x 	torr. 	it was impossible to follow the reactions 
in detail because the response of the mass spectrometer to 
oxygenated species such as alcohols, ethers and water was slow 
to reach a steady value due to these species being strongly 
adsorbed on the walls of the spectrometer. 	An attempt was 
also made to investigate the hydrogen/deuterium and 
methanol/deuterium exchange reactions on titanium films using 
the spectrometer. 
Although the use of the mass spectrometer in investigating 
the reactions of methanol, ethanol and exchanges on titanium 
films was limited, the nature of the products was established 
and a general picture of the manner of their formation obtained. 
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The dependence of the surface area of titanium films 
on the time of sintering and on film weight was studied and 
it was found that the surface area had reduced, irrespective 
of film weight, to a constant value after about five 
minutes sintering. 
The reactions of methanol, ethanol, n-prc'pancl, dimethyl 
ether and diethyl ether were investigated in detail using 
gas chromatographic analysis. 
The reaction of methyl alcohol on titanium films was 
investigated in the temperature range 245.5 ° to 3E0 ° C. 	The 
gaseous products of the reaction were methane, ethane, 
propane (always <1%), diinethyl ether and carbon 
monoxide ( 	3%). 
The reaction of ethyl alcohol wa s studied in the 
temperature range 2540  to 342 ° C. 	The gaseous products of 
this reaction were methane, ethane, ethylene, propane, 
propylene, n-butane and diethyl ether with #--1 1,"carbon 
monoxide also formed. 	In both reactions almost all the 
oxygen in the alcohol remained on the film surface and 
considerable carbon loss occurred which was not returned to 
the gas phase as hydrocarbons on the admission of hydrogen 
at the same temperature. 
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Reaction in the presence of hydrogen, a second reaction 
on the same film and reaction on water pre-treated films were 
also investigated. 
The reaction of n-propyl alcohol was investigated 
only qualitatively due to analysis problems caused by the 
wide range of products formed. 	The major products of the 
reaction at 300° C were methane, propane, ethyicne, ethane, 
propylene and n-butane. 	The minor products were i-butane, 
trans-but-2-ene, cis-but-2-ene, butadiene, n-pentane and 
n-hexane. 	Two products were not identified. 
The reaction of dimethyl ether was studied in the 
temperature range 11.000  to 11.60 °C. 	The major gaseous product 
of the reaction was methane with minor amounts of ethane 
and ethylene and (1. of propylene + propane formed. 
The reaction of diethyl ether was investigated in the 
temperature range 313 
0 
 to 395 
0C. 	The main gaseous products 
of the reaction were ethane and ethylene with minor amounts 
of methane, propane, propylene and n-butane formed. 
Again in both reactions the oxygen in the ether 
remained on the surface of the film an] considerable carbon 
loss occurred. 	A feature of the ether reactions, which 
contrasted with the reactions of their corresponding 
alcohols, was the lack of carbon-carbon bond formation. 
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Investigations of the reactions of alcohols and ethers 
on freshly evaporated titanium films revealed that carbon-
oxygen bond rupture occurred resulting in the "clean" 
surface becoming oxidised. 	Carbiding of the surface was 
also observed to be continually occurring during the course 
of a reaction. 
In the reaction of alcohols, chemisorption probably 
involved a two-stage process 
ROH(g) + Ti 	)Ti.R + OH(a) 
Ti + 011(a) 	O(Ti) + H(a) 
A feature of the reactions of methanol and of ethanol 
was the tendency for carbon-carbon bond formation which 
ceased after the initial burst of activity (i.e. when the 
surface had become covered with a layer of oxygen). 
Carbon-carbon bond formation probably occurred by inter-
action of two alkyl groups attached to the same titanium 
atom 	 ---- ---. 
) R.R(g) 
Ti 
It was also observed in the reaction of ethyl alcohol that 
titanium was not active for the fission of carbon-carbon 
bonds. 
In the reactions of methyl and ethyl alcohols, the rate 
of formation, at later stages in the reaction, of methane 
and ethane respectively was determined by the rate of oxygen 
diffusion into the titanium film 
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It has been observed that the parabolic law (a plot of 
alcohol consumed versusJtiiii) holds from the starL of a 
second reaction on the same film and a reaction on a water pre-
treated film. 	It has thus been shown that in these reactions 
we are observing in effect simply an oxidation of titanium 
rather than a truly catalytic process, with the rate deter- 
mining 	process being diffusion of oxygen through the surface 
oxide layer to the underlying metal. 
In the reaction of ethers, adscrption was loss strong 
than that of the corresponding alcohol which resulted in 
chemisorption probably Occurring in the following manner 
R 
R0 	+ Ti 	 -) 0 
Ti Ti 
The formation of the major products probably then occurred 
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II 	> saturated + unsaturated 
Ti Ti 
In the case of dimethyl ether only methane was formed, but 
in the reaction of diethyl ether, ethane and ethylene were 
formed in roughly equal amounts. 
Carbon-carbon bond formation was absent in reactions 
of ethers due to the ether being less strongly adsorbed 
than the corresponding alcohol, resulting in the situation 
of two alkyl groups attached to the same titanium atom 
not occurring. 	Carbon-carbon bond fission in diethyl 





Intro4uction to Asoion and Catalysi s. 
1.1 Definition 
In 1836, Berzelius(1) introduced the terms catalyst and oatalysis. 
A catalyst is a substance that increases the rate at which a chemical 
reaction roaches equilibrium without itself undergoing chemical change. 
The equilibrium so attained must be the same as that which would have 
resulted in the absence of the catalyst. 	The catalyst must therefore 
increase the rates of both forward and reverse reactions without affect- 
ing the equilibrium. 	Catalysis is the word used to describe the action 
of the catalyst. 
In general, catalysed reactions can be divided into two main 
classes: 
Homogeneous catalysis in which the catalysts and reactants 
are in the same phase. 
Heterogeneous catalysis which takes place at an interface 
between two phases. 
This thesis is solely concerned with heterogeneous catalysis 
involving reactions occurring at interfaces between evaporated titanium 
films and gases. 
1.2 Historical 
The first scientific observation of catalysis was reported at 
the end c2 the eighteenth century. 	Van Marum(2)  discovered, in 1796 9  
that alcohol was clohydrogonated by passage over copper. 	Then, 
following the deepened insight into chemistry, the number of catalytic 
MW 
reactions known as such rapidly increased. 	Kirchhoff, in 1812, 
studied, the conversion of starch into dextrose and sugar by dilute 
mineral acids. Davy 	and Ddberoiner 	investigated the glowing 
Of metals in mixtures of air and combustible gases between 1817 and 
1823. 	These researches led Berzclius(1), in 1836, to classify them 
under the term catalysis. 
Tho idea of the use of reaction rate as a measure of catalytic 
activity was introduced at the beginning of the present century by 
Ostwald(6). 	By correlating catalytic activity with a measurable 
quantity, he laid the foundations of the modern ideas of catalysis. 
1 .3 	g,noous Catalysis 
Heterogeneous catalysis has been the subject of many investigations. 
During the last century two theories were put forward to explain the 
action of heterogeneous catalysis. 
The intermediate compound theory proposed that a reaction took 
place between the bulk solid and the reactant to give an intermediate 
compound which subsequently decomposed giving the products of the main 
reaction and rogenoratiiig the catalyst. 	Although changes in the 
catalyst surface were sometimes observed it was difficult to prove the 
existence of those intermediates, and the assumption of the formation 
of bulk compounds severely limited this theory. 
Faraday (7)  proposed a theory of "contact action" whereby physical 
forces of attraction between the catalyst and reactants brought about 
increased reaction rates, merely because of the increased concentrations 
of the reactants in the condensed layer. 	The specificity of catalytic 
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action, however, could not be explained by such a theory which only 
considered physi3al forces of attraction. 
This led Sabatier(8) to introduce the concept of unstable surface 
compounds as intermediates in heterogeneous catalysis. 
Support for this concept was given by Langmuir's 	work on 
adsorption. 	He found that metal surfaces adsorbed gases, and 
suggested that adsorption on a solid surface involved short range 
attractions between surface and adsorbate giving bonds essentially 
chemical in nature and limited in number by the "sites" available for 
bonding in the surface. 
1.4 Adsorption 
A study of adsorption phenomena has established the fact that 
there are two main categories of adsorption, namely Physical 
Adsorption and Chemisorption. 
Physical lidsorption 
Physical adsorption (io) is similar in nature and mechanism to the 
condensation of vapour in the surface of its own liquid. 	The forces 
are similar to those holding the molecules of a liquid together, 
i.e. Van der Waals' forces. 	Heats of adsorption are low and in the 
neighbourhood of the latent heat of condensation of the adsorbate. 
Physical adsorption is impossible much above the critical temperaturo 
of a gas and occurs near the boiling point of the adsorbate. 	It 
requires no activation energy and is therefore rapid and reversible, 
even at low temperatures. 
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Since the forces ae not specific and as the energy involved is 
very small, physical adsorption is not considred important from a 
catalytic viewpoint. 
Chemi sorption 
The process of chemisorption (ii) consists of either a redistribution 
of the electrons between the adsorbed molecules and the surface atoms 
resulting in the formation of covalent or ionic bonds, or dissociation 
into atoms or radicals bound to the surface by similar bonds( 12 3 
The heats of adsorption are of the order of 80 to 200 KJoules/mole which 
is-e44much higher than those of physical adsorption. 	The bonds 
formed between the surface and the adsorbed gas are thus almost as 
strong as those existing in stable stoichiometric compounds. 	Because 
of the much higher heats of adsorption, rates of desorption are often 
small and hence many chemisorptions are irreversible, especially at 
low temperatures. 	Chemisorption leads to, at most, a monolayer and is 
specific in nature. 
Due to the large energy changes which it brings about in a 
molecule, chemisorption of one or more of the reactants is considered to 
be a prerequisite of a catalytic reaction. However for a catalytic 
reaction to occur the strength of adsorption must be within certain 
limits. A reactant that is too strongly adsorbed will be difficult to 
remove and will poison the catalyst, whereas a too weakly adsorbed 
reactant will not remain on the surface long enough to react. 
In view of the importance of adsorption in catalytic studies much 
work has been carried out in order to obtain information about the 
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process of adsorption and the adsorbed state. It is important to note, 
however, that the reaction intermediates may not be the species covering 
the greater part of the surface, Konball(14) has shown that a radical 
covering only 0.1% of the surface may be an important reaction inter-
mediate, provided the formation and desorption of it are rapid. 
The techniques involved in the study of the process of adsorption 
and the chemisorbed state include magnetic measurements(15)(16), where 
the loss of paramagnetism was used as a measure of the number of actual 
bonds formed between the surface and adsorbed species, and Infra Red 
(17),(18) studios 	which gave the spectra of the cheriasorbed reactant on 
the surface. 
1.5 The Mechanism of Catalysis 
In a catalytic reaction at least one of the reactants is chemi-
sorbed, and there are five distinct steps which can control the rate of 
a surface reaction: 
Diffusion of the reactant(s) to the surface of the 
catalyst, 
Chem.isorptjon of at least one reactant on the catalyst 
surface, 
Decomposition of the adsorbed species or reaction between 
adjacently adsorbed species, or reaction of an adsorbed 
species with a molecule from the gas phase, 
Desorption of the products, 
(+) Diffusion of the products away from the surface. 
The slowest of these processes determines the rate of the 
S 
reaction, 	The processes of diffusion as rate-controlling steps 
arise more in the liquid phase and rarely affect reactions in low 
pressure laboratory systems unless the reaction is very fast. It oan 
be determined, however, by measuring the rate at various temperatures 
whether or not a reaction is diffusion controlled. If a straight 
line is obtained from an Arrhenius plot of greatly differing rates, 
then diffusion effects are unlikely to be important. 
Any one of steps (ii), (iii) and (iv), which are chemical inter-
actions, may be rate determining. 
Two main mechanisms have been put forward to explain this 
combination of reactants at the surface of a catalyst. 	These are the 
Langnuir-Hinshe1viood 	,(20) and El ey_Rideal( 21  ) ,(22) mechanisms. 
The Larigmuir-Hinshoiwood mechanism assumes that the reactants are 
chomisorbed on adjacent sites on the catalyst surface. 	The adsorption 
and desorption processes are assumed to be in equilibrium and reaction 
involves adjacently adsorbed reactant molecules. 	The adsorption is 
restricted to monolayers. 
A Langmuir-Hinshelwooci type of mechanism for hydrogen-deuterium 
exchange on tungsten was suosted. by Bonhoeff or and F arkas  ( 23)(24) , 
H 	D 
) 2W + HD 
-w 
Most of the reactions to which the Larigmuir-Hinsheiwood mechanism 
has been applied take place at high temperatures where adsorption and 
desorption would be expected to be fasts Doubt was cast, however, on 
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the above mechanism when Roberts (25) found that although hydrogen 
adsorbed readily on tungsten at temperatures well below 000, its 
desorption occurred extremely slowly at temperatures below about 40000. 
Eley and Rideal then proposed that reaction could proceed more 
easily between a chemisorbed species and a gaseous or physically 
	
adsorbed molecule. 	The exchange reaction would then proceed thus: 
H 	D 	 HD 	D 
I 	> I I 
lvi 	M M 	M 
a full line representing chemisorption and a dotted line physical 
adsorption on the metal, M. 
It is difficult to determine the exact mechanism of a surface 
reaction. 	Spectroscopic techniques (52)  can give direct information on 
the nature of the surface species, but it is often difficult to 
interpret the results. 	It is often more useful to use Itr acert 
elements. Work in this field has been summarised by Bond (26), 
Kemball( 27)( 28 ) , Taylor(29) and  Anderson(30). 
1.6 Geometric and Electronic Factors in Catalysis 
There have been many attempts to correlate the catalytic activity 
of a solid surface with its geometry. 	Catalytic activity may be 
favoured if the reacting species interacts with the surface in such a 
way that its atoms have a particularly favourable fit relative to the 
array of atoms in the solid surface. While some success has been 
aohieveusing geometric correlations in catalysis, its use is 
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limited to systems involving large reactant molecules where steric 
effects might be expected to be most significant. 	Clearly the 
geometric factor alone could nt explain all the observed phenomena. 
The electronic factor is of more general relevance to chemisorption 
and catalysis(31). 	it is known, for most reactions, that transition 
metals have a far higher activity than non-transition metals and this 
(32) must be associated with the vacant d-orbitals of the former 	• 	A 
definite correlation between the structure of the d-band and catalytic 
activity has been observed from results obtained using 
which enable the d-band character of a catalyst to be varied. 	The 
concept of electronic factors in metal catalysts has been criticized 
and it was emphasized that correlations between surface and bulk 
properties may be valuable. 
1 .7  The Use of EvapratodMetal Films asCatalysts  
Two general classes of metals exist. 	There are the so-called 
simple metals typefieci by the alkali and alkaline earth metals, and 
metals such as copper, silver and gold. 	These have either completely 
filled or completely empty d and f shells. The second class contain 
the transition metals which have partly filled d or f shells, and also 
the metals of the iron group and the rare earths. 
The catalytic activity of a metal will depend both on the metal 
surface and on the molecule(s) involved in the reaction. 
It is possible to obtain metal filaments in a pure state, but 
unless special precautions are taken they are easily contaminated by 
residual gas even in the highest vacuum. 
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Metal films were first produced by "sputtering" from viires ( 68 ) . 
They were, ho - iover, not generally used until the now classical method 
of Boeck and his associates (69)  was developed. 	Such films which they 
deposited on the surface of a 'Pyrex' vessel were good reproducible 
catalysts. 	They have a clean surface and a comparatively large and 
reproducible surface area, 	Duo to their large surface areas, films 
can be maintained in a clean state for longer than filaments. 	It must 
be noted, however, that metal films may self-poison after brief 
experimentation due to their ability to strongly chemisorb. 
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Chatytor II 
The Decomposition of Alcohols 
2.1 Reaction on Oxides 
The dehydration of ethanol, over alumina and silica was discovered 
at the end of the ightoenth century and was probably the first hotoro-
geneously natalysed reaction to be reported(2). 	Over a hundred years 
elapsed before the heterogeneous decomposition of alcohols received 
systematic study. 	In the early 1900's Ipatieff and his co-worker (3 6 ) 
carried out a survey of the reaction of a large number of alcohols over 
alumina. Other workers of whom Sabatier and Senderens are probably the 
best known, extended the field to include a wide range of catalysts, 
chiefly metal oxides ( 3 7) e  
Reviews of the decomposition of alcohols over oxide catalysts in 
general and over alumina in particular have been written by Winfi eld(3 8 ) 
and by Pines and Manassen 	respectively. 
Decomposition can follow two routes: dehydrogenation to the 
aldehydo n. - ketone, or dehydration to the olefin. 	The temperatures 
used are normally in the range 2000  to  40000. 	Generally the order of 
activity of the alcohols is tertiary> socondary>prinary. 	Over some 
oxides (e.g. alumina) primary alcohols -ivu high yields of the correspond-
ing ether, particularly at low temperatures. This type of product is 
not usually observed with secondary and tertiary alcohols, possibly 
because olofin formation is too fast. 
Metal oxides may be divided into three main classes according to 
whether they catalyse dehydration, dehydrogonation or both reactions. 
Pow ccrru1tions botwoon solectivity and catalyst properties have been 
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found, Winfield (38), howuror, pointed out that oxides which catalyse 
dehydrogenation generally contain metal ions which can readily change 
their valence states, wheroas dehydration catalysts usually contain 
metal ions with a filled set of outermost orIta1s. 	He also suggested 
that bonding betuen oxygen and metal may also have an important bearing 
on the catalytic activity and selectivity of the oxides. 
2.2 Reaction on Metal s  
The catalytic decomposition of alcohols at high temperatures on 
metals has long been recognised. 	The predominant process occurring 
when alcohols decompose on metal catalysts is usually dehydrogenation. 
Primary alcohols yield aldehydes, although methanol commonly decomposes 
to carbon monoxide and hydroge -i, and soondary alcohols give ketones. 
Classical studies of the dehydrogenation of alcohols were carried 
out by Palmer and Constablo(41)(42) using copper supported on silica-
alumina. The dohydrogonation of ethanol and 1-butanol was found to be 
zero order at 23000. 	The activation energy for the ethanol 
decomposition was shown to be a function of the temperature at which 
the oxide was reduced tj the metal, and thus the first example of a 
compensation effect was discovered. 
Pau' 	reported the principal reaction of ethanol over 
Raney nickel catalysts to be dohydrogenation to alclohyd.o at room 
temperature with some decomposition to give carbon monoxide at 800  to 90° C. 
At high pressures and temperatures ethanol and Raney nickel were 
reported (45)  to react to give considerable gaseous product, mostly 
methane with only 4% carbon monoxide, as well as dehydrogenation products. 
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Darby and Kemba].l(46) found that methanol d.eoomosition over a 
cobalt Fisher-Tropsch catalyst at 180 °C conformed to the rate 
expression: 	r kPCHOH 
77 bp CO 
Exceptions to the generalized reactions of alcohols were the 
decomposition of ethanol and higher alcohols on metals which are 
efficient for the Fisoher-Tropsoh synthesis. In these cases they 
could initiate or be incorporated in the synthesis, and could also 
decompose to give products resembling those formed in the synthesis. 
The dehydrogenation of alcohols is an endothermic process and 
hence the position of equilibrium is progressively shifted to the 
aldehyde or ketone side as the temperature is raised. The reactions 
of alcohols on metals have been used quite widely as a measure for 
estimating the importance of the electronic factor in catalysis (34),(48-50).  
The behaviour of metals such as nickel and copper to the 
decomposition of methanol from the vapour phase has been repeatedly 
investigated. In these cases formaldehyde and methyl formate have 
been proposed as interrneciiates(51), and the presence of adsorbed carbon 
monoxide has been detected by infra-red spectroscopy(52)  during the 
decomposition of methanol on nickel. According to the mechanism 
proposed by Yasuinori et 	the alcohol undergoes successive 
dissociative dehydrogenation according to the scheme: 
CH3OH (g) 	 CH3O (a) + H (a) 	 (i) 
CH30 a) + H (a) 	 > CH 	(a) + H2 (g) 	 (2) 
01120 (a) 	0110 (a) + H (a) 	 (3) 
CHO (a) 	 _ CO (a) + H (a) 	 (4) 
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CO (a) 	co (g) 	(5) 
211 (a) 	
> 112 () 	 (C) 
The dissociation of the hydroxyl group in reaction (i) is rapid 
on the transition and noble n-als. Anderson and Kemba1l 	found 
the exchange of methanol and deuterium to be fast on evaporated films of 
nickel, rhodium, palladium, iron, tungsten and silver, even at 0 ° C. 
The decomposition of methanol over evaporated files of platinum 
and ruthenium has been investigated by Mckee, who confirmed the 
conclusion that reaction (i) is rapid on transition and noble metals. 
The dissociation of the hydroxyl hydrogen was thus unlikely to be the 
rate determining step. Marked differences, however, were found in the 
activation energies for the decomposition of CH 3 OH and CD3OH, thus 
suggesting that, in the initial, stages of the reaction, the dissociation 
of a C-H bond in the adsorbed methoxy group C11 30 could be rate 
determining. 	The rates of the three reactions (2) - 
( 4) would be 
expected to be retard-- d by the substitution of deuterium for hydrogen on 
the carbor atom. 	Yasumori et al., on the basis of the observation 
that formaldehyde decomposed more rapidly than methanol on a nickel 
catalyst, concluded that reaction (2) was the rate determining step. 
Mckee found that his observed kinetic isotope effects on platinum were 
also consistent with this conclusion. 
Yasumori et al. 	have also observed that adsorbed carbon 
monoxide inhibits the rate of methanol decomposition on transition 
metal catalysts. Results for carbon monoxide and hydrogen co-adsorption 
on platinum indicated that carbon monoxide was much more strongly 
adsorbed than hydrogen. Thus during the course of the decomposition 
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Of methanol, the concentra - jon of adsorbed oarbori monoxide on the 
platinum surface increased and the kinetics became controlled by 
Reaction (5). A similar conclusion was reached by Darby and K emball( 46 ) 
for methanol decomposition onr a cobalt Fisher-Tropsch catalyst, 
The mechanism of methanol decomposition on ruthenium appeared to 
be different from that on platinum. Among the platirioid metals, 
ruthenium has the distinction of being an excellent nethariation 
catalyst, the reaction between carbon monoxide and hydrogen occurring 
at appreciable rates over the powdered metal at temperatures above 
100oc(56). 	Under the same conditions, platinum was rapidly poisoned 
by carbon monoxide with negligible yields of methane. This special 
property of ruthenium is also reflected in the unusual activity of this 
metal in the Fischer-Tropsch 	 As with platinum, the 
dissociation of the hydroxyl hydrogen is probably rapid on the 
ruthenium surface, although methanol-deuterium exchange data is 
unavailable. 	In contrast to platinum, however, there was a lack of 
appreciable kinetic isotope effect for the decomposition of the three 
deuteromethanols and this suggested that the fission of a C-H bond was 
not rate determining in this case. The distribution of products 
obtained with CD3OH showed that C112D2 was the most abundant species in 
the initial stages and this suggested that the methylene radical CH  
could be an intermediate. The decomposition of methanol on ruthenium 
probably occurs by the following sequence of steps, 
CH3OH (g) 	
, CH
30 (a) + H (a) 	 (7) 
0H30 (a) + H (a) 	 CH (a) + HOH 	 (8) 
CH  (a) + 2H (a) 	 CH 	 (9) 
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It is possible that reaction (7) or the desorption of methane is the 
slow stop. 	The absence, however, of a marked difference in rates in 
the decomposition of CH3 OH and CD3 OH is evidence against the former. 
Darby and Kemball 	have investigated the decomposition of 
methanol and ethanol over a cobalt Fischer-Tropsch catalyst. 	The 
main mode of the decomposition of methanol was to carbon monoxide and 
hydrogen. 	The ratio of hydrogen to carbon monoxide remained close 
to 20 from 960  to 2100C. 	Above 21000  there was increasing evidence 
for the water-gas shift reaction particularly at 360 0 C. 	Ethanol, at 
96° C, decomposed either by dehydrogenation to acetaldehyde and hydrogen 
or by partial dehydration to dietbyl ether and water. 	At 162 0 C 
noticeable amounts of the 02  and C4 hydrocarbons were being formed and 
at 2100C these compounds constituted a substantial fraction of the 
material. The production of 0 4 compounds could have arisen through 
dimerization of 02  complexes formed from the alcohol, but the 
presence of both propane and propylene was excellent evidence that a 
synthesis reaction was occurring. 
otonyi and Schchter(58)  investigated the possibility of the 
parallel dehydrogenation and dehydration of iso-propyl alcohol over 
Be, Ti, V, Pc, Co, Ni, Cu, Zn, Zr, Mo, Ru, Rh, Pd., Ag, W, Ir, Pt and Au. 
The measurements were carried out in a flow system reactor and it was 
found that the majority of these metals catalysod both reactions in the 
temperature range between. 230° and 30000. 	Fe, however, was found to 
be a selective dehydrogenation catalyst, and B, Ti, V, Zr and W were 
selective dehydrating catalysts. 	It was pointed out that the 
selective dehydrating catalysts are highly liable to oxidation and 
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their oxides are difficult to reduce. 
The vapour phase interaction of methanol with titanium has been 
studied by Leith, Hightower and Harkins. They adopted the thin 
(61) 
film technique (60), 
	for io preparation of the catalyst. 	It was 
found that at reaction temperatures in the range 120 ° to 150° C 
methanol readily reacted to form a white crystalline product. 	The 
formation of this product, which was identified as titanium methoxid.o, 
was accompanied by disappearance of the film. 	The direct synthesis of 
titanium, mothoxide from titanium metal and methanol should be 
accompanied by the liberation of hydrogen according to the equation, 
Ti + 40H3011 - 	yri (ocH3 ) 4 + 2H2 
Hydrogen was, however, not detected among the reaction products at 
this temperature. This observation was explained by the demonstrated 
(62),(63) ability 	of titanium to absorb large quantities of hydrogen to 
an extent corresponding to T1H • 1. ) 
No reaction occurred, up to 350°C, between methanol and titanium 
that had been oxidized by heating a freshly evaporated film in 100 torr 
pressure of oxygen at 300°C for four hours. 
When methanol vapour containing 5% water contacted a freshly 
evaporated titanium film at reaction temperatures up to 200 0 , no 
formation of titanium mothoxide was observed. Mass spectral 
analysis of the reaction mixture indicated that no change in the 
methanol had occurred. 
Reaction of a 1:1 mixture of CH 3OH and CD3OD at temperatures up to 
150 0C did not result in any scrambling of the hydrogen and deuterium 
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atoms in the respective methanol molecules, indicating that the formation 
of titarit.ni mthoxido was not also accompanied by the cleavage of the 
0-H bonds. 	When a 1:1 iiixt.uro of 13 C.-mothaol and 180-methanol was 
reacted over titanium a, the :ie temperature, no 13 CH3 180H was 
observed. 	This indicated that no reversible 6-0 bond fission occurred. 
Thus at temperatures up to 15000  reaction was limited solely to cleavage 
of the methanol 0-H bond. 
Chapter III 
The Decomposition of Ethers 
Prior to the early 1960's, virtually nothing was known about the 
hydrogenolysis of al:phatic 	-iers. 
Clarke and Kemball(64)  had thoroughly investigated the exchange 
between diothyl ether and deuterium on evaporated metal films of 
platinum, nickel, tungsten., palladium, iron and rhodium. 	The 
osential feature of the results was that multiple exchange was unable 
to propagate past the oxygen atom: thus the most highly deuterated 
species formed in one residence was ether-d 5 . 	These conditions of 
exchange were, however, not extended to conditions where products from 
the rupture of a 0-0 bond would have been observed. 
An extensive investigatioa of the catalytic decomposition of 
ethers has been carried out by Whan and Kcmba1l(65)(66)  on platinum 
and nickel films and by Imai, 7han and Kemball(67)  on tungsten films. 
On platinum, diethyl other and hydrogen reacted in the temperature 
range 30° to 100°C giving ethane and ethanol in equivalent quantities. 
The reaction was coiplotely poisoned after about thirty minutes. 	In 
the temperature range 2000  to 350°C, diethyl other reacted over 
platinum to produce ethane, methane and carbon monoxide, the reaction 
following first-order kinetics. 	Thus platinum catalysed the fission 
of a single C-0 bond in the ether at low temperatures, 
OH2 	OH3 
while at higher temperatures the reaction proceeded as, 
O1i3— / CR2- 	---O- / CH  - 	CH3 
- 19 - 
On nickel, diethyl ether and hydrogen reacted in the temperature 
range 20 ° to 25000  to give methane, ethane and carbon monoxide. No 
higher hydrocarbons were observed. 	The reaction followed first-order 
kinetics. Nickel carLid w.s formed during the reaction and so it was 
not possible to define accurately the surface responsible for the 
reaction. 	The similarities of this reaction with that on platinum lay 
in th zero-order dependence of the reaction rate with change in initial 
et.er pressure, and with the competitive effect of carbon monoxide on 
the adsorption of ether. The most striking difference between reaction 
on nickel and platinum was in the product distributions of the two 
metals. 	The reaction on platinum was a simple decomposition whereas 
that on nickel involved more extensive degradation of the ether molecules, 
CH 	/ OH2 	0 / 	CH 	/ 	CR3 
On tungsten, diethrl ether and hydrogen reacted readily in the 
temperature range 2000  to  26000  to give ethane, ethylene, water and 
butenes. Ther3 was a rapid initial disappearance of ether yielding 
ethane as the major product 	This was followed by a reaction which 
obeyed zero-ordr kinetics, the transition occurring after about 20014. 
of the ether had reacted. Second and subsequent reactions carried out 
on the samo film did not show the same characteristics as the first 
reaction. The initial burst of activity was not found and zerp-order 
kinetics was observed from the beginning of the experiment. 
Di-n--propyl ether and hydrogen reacted on tungsten in the 
temperature range 160° to 2500 C in a similar manner to diethyl ether 
producing propylene, water and a small amount of propane. Consecutive 
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reactions on the same tungsten film showed similar characteristics to 
those noted for diethyl ether. Thus tungsten was not active for the 
breaking of C-C bonds and was exclusively active for the fission of 
0-0 bonds. 
CH 	- CH  - 	- 0 / 	C11  - 	CH  
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Chapter IV 
Reactions ovor EvapQzatedJjims of Titanium, 
Anderson and McConkoy (63)  have investigated the reaction of methyl 
chloride and hydrogen, and of mothyleno chloride and hydrogen at the 
surface of evaporated films of nickel, tungsten, copper, platinum, 
cobalt, manganese, aluminium, silver, palladium and titanium using a 
static system. 	Experiments of two types were carried out. In the 
first type, reactions were studied with gas pressu.ros in the range 
1 - 30 iatorr at temperatures between 0° and 500° C. 	Those experiments 
included measurements of products d.esorbod from a sorbed layer only, 
together with measurements of products formed in the presence of low 
pressures of reactant gases. 	In the second type, reactions were 
studied using gas mixtures in the torr pressure region between 200
0 
and 300° C. 
Adsorption of alkyl chloride resulted in the rupture of all 
carbon-chlorine bonds before any carbonhydrogen bonds were broken; 
thus in the reaction with de' iterium, virtually no cleuteroparont was 
formed. Using 13 C and 35 C1 it was shown that in the adsorption of 
methyl chloride on titanium, the carbon-chlorine bond rupture was 
totally irreversible. 
Adsorption measurements with the alkyl chlorides on all the above 
metals gave surface hydrogen/carbon ratios which, in most cases, 
suggested that the average surface hydrocarbon residue was more 
extensively dohydrogenated than the group in the original alkyl 
chloride. 	The exception to this was titanium where adsorption of 
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methyl chloride and methylene chloride gave approximately CH  and CH  
surface residues, respectively. 
In low-pressure reactions, all metals catalysod the formation 
of methane, as the only desorbed hydrocarbon product, with the 
exception of titanium, when methane, ethane and ethylene were produced, 
and palladium whero the dominant desorption product was methane, with a 
small amount of ethane but no ethylene. No hydrogen or hydrogen 
chloride was desorbed from either palladium or titanium. 
The overall course of the primary methane-forming process in 
these low-pressure reactions was suggested to be 
2 CH  (a) 	> CH (g) + CH  (a) 	(1) 
This reaction was, however, found not to be the dominant methane 
forming process in reactions of methyl chloride on titanium at higher 
pressures (of. reaction (5)). 
From the evidence that on both palladium and titanium pro-adsorption 
of methylene chloride led to an increase in the proport.on of 02 
product from the reaction of methyl chloride, it was considered 
probable that carbon-carbon bond formation occurred by reaction of a 
methyl chloride molecule with a surface CH  group 
0112 (a) + 011301 (g) - 	) C 2  H 5 (a) + Cl (a) 	(2) 
Evidence supporting this type of reaction was obtained from reactions 
at higher pressures. Desorption of the 02  hydrocarbons from 
02H5 (a) could then proceed in two alternative ways 
02H5 (a) + H (a) 	- ) CH6  (g) 	(3) 
2 02115  (a) 	- 	) 0114 (g) + C2H6 (g) 	(4) 
It was found that on palladium, the extent and distribution of 
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desorption products depended strongly on treatment with hydrogen, hence 
making it likely that oheniisorbed hydrogen was directly involved in 
the product desorption process. 	This process would proceed as shown 
in reaction (3). This was found not to be the case with titanium 
which led to the conclusion that hydrocarbon desorption probably 
occurred by intorresidue hydrogen transfer as shown in reaction (4). 
In high-pressure reactions, the hydrogenolysis of methyl chloride 
over titanium was first-order in both methyl chloride and hydrogen 
and a scheme leading to the formation of methane and hydrogen chloride 
was suggested as 
CH3 C1(g) 	CH3 (a) + Cl(a) H2 > 0H 4 (g) + HC1(g) 	(5) 
where it was assumed that the reaction involved gas-phase or physically 
adsorbed hydrogen. The activation energy for methane formation was 
different from those for ethane and propane, which were similar. 
This suggested that methane was formed by a different mechanism to 
ethane and propane. The complexity of this reaction was too great 
for a scheme to be formulated for desorption of these higher hydro-
carbons. 
The high-pressure reaction of methylono chloride on titanium was 
formulated in an analogous manner to reaction (2). However, an 
extensive amount of surface polymer was also formed, and olefins were 
the main C2 and C3 products. A mechanism suggested to allow for this 
readX chain propagation was, 
CH2 (a) + C112 C1 2 (g) 	 ) CH3 CH(a) + 2Cl(a) 	 (6) 
Desorption of CH3 CH(a) gave ethylene as the major unsaturated 
product directly. 	The general propagation step, analogous to 
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n  CH(a) + 0H2C1 2 (g) - 	) 0H3 (0H2 )n+1 CH(a) + 2C1(a) 	(7) 
HOl was formed by reaction of hydrogen with C1(a). 
p 
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Chapter V 
Object of the Present Investigation 
The dehydrogenation reaction ef formic acid has been reported 
to predominate on metals, while dehydration appears to be favoured 
on metal oxide catalysts. 	This distinction, however, is rather loose, 
since some oxides show appreciable dehydrogenation powers e.ge magnesium 
and zinc oxides, while nickel metal has been noted, by some workers(70), 
to catalyse dehydration. 
Inglis (71)  investigated the decomposition of formic acid over 
the transition metals. Formic acid decomposition can proceed either 
as dehydrogenation or asdehydration. 
CO + H2 
HCOOH 	
CO + HO 
By measuring the CO 2/CO ratio the ratio of dehydrogenation to 
dehydration can be obtained. The results are summarised in figure 1.1R. 
These results led to the recognition that with certain catalysts 
both dehydrogenation and dehydration are involved. Titanium metal was 
exceptional in that only dehydration was found. 
Anderson and McConkey (63) (see Chapter Iv) found, when 
investigating the reaction of methyl chloride and hydrogen and of 
methylene chloride and hydrogen on evaporated metal films, that 
titanium was exceptional in its ability to catalyse extensive carbon-
carbon bond formation. 
With these unusual features of titanium in mind, the object of 
this investigation is to study the reaction of methyl alcohol and 
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ethyl alcohol on evaporated titanium films. 
During the investigation it became apparent that a study of 
the reaction of dinothyl ether and diethyl other on titanium films 






Mass Spectrometric Investigation 
An attempt was made to investigate the reaction of methyl alcohol 
and ethyl alcohol on evaporated titanium films using an AEI 11IS10 mass 
spectrometer. 	The apparatus consisted of, 
(i) The high vacuum gas-handling system. 
The reaction vessel and capillary leak. 
The mass spectrometer. 
1.1 The Preparation and Purification of Materials 
Krypton and. Helium 
Krypton (grade x) and helium were supplied by the British Oxygen 
Company Ltd. in break seal bulbs. The Helium bulb was glass blown 
directly to the line whereas krypton was attached via a liquid nitrogen 
trap, so that the pressure could be reduced to <3 mn.Hg for ease of 
handling during surface area measurements. 
Hydrmen 
Crude hydrogen from a cylinder supplied by the British Oxygen 
Company Ltd. was introduced, by means of a mercury bubbler, into a 
storage bulb which had previously been pumped until a t s ti ckin t 
vacuum had been obtained on the McLeod gauge. 	The hydrogen, when 
required, was purified by passage through an electrically heated 
palladium thimble. 
(o) Methyl Alcohol 
Analar methyl alcohol was placed in a detachable tube and 
connected to the gas-handling line. 	The alcohol was then frozen in 
liuid nitrogen, pumped and thawed. This freezing and pumping was 
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repeated until no bubbles of dissolved gas could be observed on 
thawing the material. Vacuum distillation of the alcohol was then 
carried out several times between a storage vessel and the detachable 
tube, discarding the first and last third at each cycle. Finally the 
alcohol was frozen out in the storage vessel. 
(a) 	Ethyl Alcohol 
99.8% pure ethyl alcohol was prepared from commercial "absolute" 
alcohol (81) Using perfectly dry apparatus throughout, 100 ml. of 
the absolute alcohol of approximately 99.5% strength was reacted with 
0.7 gms. clean dry sodium. 	After reaction 2.7 gins, of pure ethyl 
phthalate was introduced and the mixture refluxed. for 2 hours. 	The 
mixture was then distilled and the ethanol collected after the first 
25 ml, had been rejected. 	This 'super dry' ethanol was then 
introduced into a storage vessel in the gas-handling system in the 
same manner as described for methanol, 
(e) 	Dimethyl Ether 
Diniethyl ether from a cylinder supplied by the Matheson Company, Inc. 
was introduced into the evacuated gas-handling system and stored in a 
bulb which had previously been evacuated to a 'sticking' vacuum. 
(1') 	Diethyl Ether 
Analar diethyl ether was introduced into a storage vessel in the 
gas-handling system in the same manner as described for methanol. 
(g) 	Methane, Ethane, Etliyleria,Propano ProDyleno and Bte..x1? 
These gases, which were used for cracking patterns and gas 
chromatographic calibrations, were obtained from cylinders supplied by 
th Matheson Company, Inc. and were stored in previously evacuated 
FIGu.r 	1.1 
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bulbs in the gas-handling system. 
1.2 The Gas-Handling System 
A schematic diagram of the gas-handling systoi is shown in 
figure 1.1. 	The line was designed so that gases and vapours used in 
the experiments could be stored and obtained in a high state of purity. 
'Pyrex glass was used throughout in the construction of the apparatus. 
There were two pumping systems each consisting of an electrically 
heated mercury diffusion pump with cold trap backed by a 'Speodivac 
rotary oil pump which enabled a vacuum of 10_6 torr to be obtained. 
One system was used exclusively for pumping the reaction vessel while 
the other was for pumping the remainder of the apparatus. A largo 
volume McLeod gauge was used to check the pressure of the evacuated 
system. 	Taps and 'uickfit' ground glass joints were lubricated with 
-10 'Aplozon L' vacuum grease, which has a vapour pressure of Ca. 10 	torr 
at room temperature. 
Reactant liquids wore introduced, in the manner described in 
Section 1.1, into the storage vessels 'A' and 'B' from a detachable 
sample tube connected to the gas line at 'C' by means of a B19 cone and 
socket joint. 	Gases, for calibration purposes, wore also introduced 
into the gas line at this point. 
Crude hydrogen was stored in bulb 'D' and purified, when 
required, by passage through an electrically heated palladium thimble. 
Gas and vapour pressures in the line were measured by a mercury manometer. 
Krypton was stored in bulb 'E' which was glass-blown to the line via a 
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was connected directly to the line via two taps in series. A small 
volume McLeod gauge was used for surface area measurements. 
1 .3 The Reaction Vosspl and Capillary Leak 
The reaction vessel of volume 176 niL, shown in figure 1.2, was 
made of 'Pyrex' glass of diameter 3.5 cus., and length 14.0 cms., and 
connected to the apparatus by means of a B24 water-cooled ground glass 
joint, through which passed two class-coated tungsten rods carrying 
stainless steel terminals. 	A short 10 iun. diameter side arm oonnectd 
the reaction vessel to a three-way ground glass tap 'G'. 	One limb of 
this tap connected with the gas-handling system and the other with the 
cold trap and pumping system used exclusively for film preparation. 
An Edwards high vacuum IG-3GA ionization gauge head was fitted between 
the cold trap and the three-way tap. 
Analysis of the gas mixture in the reaction vessel was effected 
by means of the mass spectrometer which was fitted with a fine capillary 
leak attached to the reaction vessel. 	The length of the capillary 
leak was adjusted, before installation, to give a leak-rate of about 
20 mm.Hg air into a volume of 20 ml. in 20 minutes with a pressure 
difference of one atmosphere. 	Such a capillary was found to provide 
an adequate sample for mass spectral analysis over a long period without 
appreciably depleting the gas in the reaction vessel. 	The pressure in 
the mass spectrometer was normally about 4 x 10'8 torr rising to 
about 5 x 10' torr upon the introduction of a sample. 
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1.4 The Mass Sp e gtrometr 
An AEI MS10 mass spectrometer was used for the analysis of the 
gas mixture. Samples were analysed by introducing them through the 
capillary leak directly into the ionizing chamber where the molecules 
are ionized within the 'ion source cage' by subjecting then to 
bombardment by a controlled bean of electrons produced from an 
electrically heated rhenium filament. 	The positive ions so formed are 
then accelerated, by an accelerating voltage applied to the cage, through 
a uniform magnetic field. Within the magnetic field, the ions describe 
circular orbits, the radius of which varies for each particular type 
of ion and is determined by its mass and the accelerating voltage. 	The 
result of this is to separate the total ion beam into individual beams 
containing ions corresponding to one particular mass. 
By varying the accoleratin: voltage, individual beams are brought 
into focus on thu collector where the ions give up their charge. The 
ion current so produced is detected by an electrometer amplifier whose 
output is displayed on a recorder. 
1.5 Analysis of the Reaction Mixture 
The technique of mass spectromotric analysis of gas mixtures is 
well established and has been fully discussed by Barnard(76)9 
Robertson 	and Dunning (78) . 	Certain requirements must be satisfied 
before the mixtures can be analysed by mass spectrometric moans. 
These are, 
(1) 	The sensitivity of the instrument must remain stable through- 
out the reaction. 
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Each molecular species must give a constant cracking pattern 
characteristic of that molecule. 
The mass spectra of different components in a mixture must 
be linearly additive. 
The absolute intensities of the ion beams given by any 
component must be proportional to its partial pressure. 
Requirements (2), (3) and  (4) were found to be satisfied. 	It 
was found, however, that the absolute sensitivity of the instrument was 
not constant during an experiment. 	This was attributed to the 
presence of the oxygenated species in the mass spectrometer and will 
be discussed in greater detail in section 1.6. 
Corrections to Mass Spectra 
In order to completely analyse gas mixtures it was necessary to 
apply the following corrections, 
Background: An initial background spectrum was obtained 
over the required mass range during the preparation of the 
catalyst. 
Natural Isotopes: The contributions due from natural 
isotopes were 1.1% from 130  and 0.3% from 180 
Fragmentation: Bombardment of the molecules with electrons 
resulted in fragmentation into smaller ions. Fragmentation 
patterns are very susceptible to changes in ionizing voltage so 
a compromise had to be achieved between fragmentation and 
sensitivity since both decrease with decrease in electron voltage. 
For the decomposition of methyl alcohol an ionizing voltage of 
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also obtained at this voltage. 
Interpretation of the mixture spectrum was then effected by the 
following series of steps, 
Subtraction of the background from the mixture spectrum. 
Correction of the peak heights for C and 0 isotopes working 
from the lowest mass number to the highest. 
(a) Subtraction of the peaks due to the products using their 
fragmentation patterns and working from the highest mass product 
to the lowest. 
1.6 The Analysis of Oxygenated Compounds 
It was found that the response of the mass spectrometer to 
oxygenated species such as methyl alcohol, ethyl alcohol, diraothyl ether 
or water was slow to reach a steady value even though the inlet line 
had been heated to 1300C by wrapping with tEloctrothormal' heating 
tape. Figure 1.3 shows the build-up in major peak height for a 
pressure of 14.1 mn.Hg ethyl alcohol introduced into the reaction 
vessel. 	The time response was 70 minutes before equilibrium was 
established. 	Figure 1.4 illustrates the time response curves when the 
pressure of ethanol in the reaction vessel was reduced from 14.1 to 
7.0 mm.Hg. In this case equilibrium was established in 35 minutes. 
Similar results were observed with methyl alcohol and dimothyl other, 
and with water which had a response of about 160 minutes. 
Oxygenated species have long response times duo to strong 
adsorption effects on the walls of the mass spectrometer. 	This 
response could be reduced considerably by heating the M310 analyser 
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tube to approximately 150 °C, though special precautions would have to 
be taken and increased instability of peak height would be experienced. 
In view of the difficulties it was considered impracticable to follow 
the change in the alcohol concentration and the mass spectrometer was 
only used firstly, to determine the products from the methanol and 
ethanol reactions, secondly, to follow the formation of the hydrocarbon 
products during a reaction, and thirdly to investigate exchange 
reactions. 
1.7 Experimental Procedure and Results 
Evaporated titanium films were prepared as described in Part II 
section 2.1. 	The furnace was then brought up around the reaction 
vessel and the system left at the reaction temperature for 2 minutes 
to equilibrate before the reactant was admitted. At this stage of the 
work, particular attention was not paid to the sintering of titanium 
films. 	However it was later shown (see fig. 2.5) that sintering was 
complete in 5 minutes, and hence the conditions employed in the mass 
spectrometer experiments were very nearly the 'standard' conditions 
which were subsequently employed when using gas chromatographic analysis. 
The reaction vessel temperature was maintained constant within 
± 0.3 0C by means of an electric furnace equipped with a platinum 
resistance thermometer coupled to a Fielden 'Bikini' temperature 
controller. 	Temperatures were measured by a Chromel(T 1 ) - A.umel(T2 ) 
thermocouple held to the reaction vessel by aluminium foil. Ice/water 
was used for the cold junction. Thermocouple voltages were measured 
on a 'Cropi3o' potentiometer, which enabled temperature changes of 
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±0.02 0C to be measured. 
(a) Methyl Alcohol 
The products from methanol :ore determined by admitting a known 
amount of the alcohol (7.0 mri.Hg) to the reaction vessel at 310 °C, and 
allowing the reaction to continue overnight to completion to ensure that 
the spectrum was not affected by changing concentration of oxygenated 
species. 	The peaks were scanned from 
/0 15 to 46 with the ionizing 
voltage at 15eV. 	The fragmentation patterns of methanol and some 




CHOCH - 3 	3 CH OH 3 - 02H6 CH 4 
15 10.1 17.9 1.7 64.3 
1 
16 0.9 1.8 0.2 100.0 
17 0.5 0.9 0 1 0 - 
18 0.2 4.8 0.0 - 
26 0.1 0.3 6.0 - 
27 0.3 0.9 12.6 - 
28 5.1 59s6 100 1 0 - 
29 20.8 38.2 18.5 - 
30 0.7 32,5 28.3 - 
31 3.1 100.0 - - 
32 - 91.7 - - 
33 - 9.6 - - 
43 0.7 - - - 
44 1.0 - - - 
45 10010 - - - 
46 56.3 - - - 
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Using the fragmentation patterns, the various contributions to 
peaks by each product were then deducted from the corrected peak 





_CHOCH .' 	.' 
-OH OH -02H6 -OH 
15 489 478 471 468 6 
16 722 721 720 719 0 
17 4 4 4 4 4 
18 6 6 4 4 4 
26 25 25 25 -3 -3 
27 54 54 54 -8 -.8 
28 491 485 464 -27 -27 
29 152 130 114 23 23 
30 153 152 139 0 0 
31 44 41 0 0 0 
32 46 46 10 10 10 
33 12 12 8 8 8 
43 12 11 11 11 11 
44 39 - - - - 
45 107 0 0 0 0 
46 63 3 3 3 3 
There was no hydrogen present in the gas phase from this reaction. 
Hence the gaseous products from the reaction of methanol on evaporated 
titanium films were found to be d.iinethyl ether, ethane and methane. 
The formation of the hydrocarbon products as a function of time of 
reaction was studied qualitatively by following the increase in height 
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the fragmentation pattern of the oxygenated species did not overlap. 
The formation of methane and ethane (products from the methanol 
reaction), was investigated by observing the increase in peak height 
at m/e = 16 and 27 respectively. In a typical experiment, a known 
amount of methanol (8.9 nmi.Hg) was admitted to the reaction vessel at 
3100C, and the reaction followed for 210 minutes. 	The vessel was 
then evacuated for 15 minutes at the reaction temperature. A second 
known amount of methanol (89 rnni.Hg) was admitted and the formation of 
methane and ethane again followed. A general picture of the manni 
of formation of these products, from the two reactions on the same 
film, was obtained. 
The formation of the hydrocarbon products is shown in figure 1.5. 
During reaction on the 'clean' titanium film there was an initial 
burst of activity over the first 30 minutes resulting in the formation 
of a large amount of methane and a substantial amount of the ethane. 
Beyond this point methane continued to be formed at a slower rate, 
whereas the rate of ethane formation decreased and ceased after 
150 minutes. 
In the second reaction, the initial burst of activity was almost 
absent and methane was produced from the start of the reaction at a 
similar rate to that occurring after 30 minutes in the first reaction. 
Formation of ethane terminated after about 50 minutes and was about 
10% of the amount formed on the clean film. 	The second reaction must 
have taken place on some kind of oxide surface which virtually 
inhibited the polymerisation reaction. 	These observations were 
es. entially the same as those later obtained from gas-chromatography 
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work and 'cri].l be discussed in greeter detail in the relevant chapter. 
(b) 	Ethyl Alcohol 
The products of the ethanol reaction were determined by admitting 
a known amount of the alcohol (18.2 nun.Hg) to the reaction vessel at 
3900C, and again allowing the reaction to continue overnight to 
completion for the same reasons as stated for the methanol reaction. 
The peaks were scanned from m/e = 15 to 74 with the ionizing voltage 
at 70eV. The fragmentation patterns of ethanol and some likely 
products, at the same ionizing voltage, are shown in table 1.3. 




(c2 H5 ) 2 oT 041110 C2 1150H C3H5  C 3 H 	!y6 C 2  H 4 - CH  
15 13.6 4.6 24.6 5.7 5,5 4.1 0.7 64.1 
16 3.0 1.6 6.8 1.4 0.9 0.2 0.2 100.0 
24 0.3 0.2 5.7 0.2 0.6 0.7 3.6 - 
25 1.3 0.8 6.8 110 2.3 4.1 11.4 - 
26 9.9 8.0 31.5 9,7 11.5 23.9 59.4 - 
27 28.0 37.8 37.6 40.2 36.6 32.1 61.4 - 
28 23.6 35.2 89.5 61.3 7.2 100.0 100.0 - 
29 53,5 43.1 42.7 100.0 0.8 1811 - - 
30 1.5 0.2 6.4 0.1 0.0 23.7 - - 
31 10010 0.1 100.0 0.0 0.0 - - - 
36 0.0 0.1 0.0 0.6 2.5 - - - 
37 0.1 1 1 0 0.2 3.6 13.6 - - - 
38 0.2 1.9 0.3 5.6 18.8 - - - 
39 0.6 12.7 0.4 18.5 73.9 - - - 
40 0.3 1.4 0.8 2.2 25.1 - - - 
41 4.9 31.2 2.5 14. 1 100.0 - - - 
42 1.5 12.4 5.4 5.0 62.8 - - - 
43 7.7 100.0 15.1 24.7 - - - - 
44 3.0 0.3 14.1 28.2 - - - - 
45 30.4 0.1 38.0 - - - - - 
58 0.2 13.1 - - - - - - 
59 35.1 - - - - - - - 
73 2.1 - - - - - - - 
74 20.1 - - - - - - - 
These fragmentation patterns were then used to determine the 
products of the reaction. The process involved is shown in table 1.4. 




- -C H 
4 10 
-CH OH-C H 2 5 	3 8 
-C H 	I :-C2 3 6 6 -C2 4 -CH 4 
15 7 9 700 7 9 619 7 1 604 7011 7,447 6,904 6 9 885 1,873 
16 7,911 7,883 7,879 7,856 7,848 7 9 821 7,816 0 
24 220 216 212 209 202 109 13 13 
25 939 925 921 905 878 335 31 31 
26 5 9 274 5,133 59114 49956 4,822 1,657 73 73 
27 7,695 7,018 6,995 6 9 341 5089 1 9 638 0 0 
28 25,476 24,855 24,801 23,803 239719 10,479 7,811 7,811 
29 4,371 3,611 3,535 1,957 1,948 -449 -449 -449 
30 3,149 3,145 3,141 3,139 3,139 0 0 0 
31 67 65 4 4 4 4 4 4 
36 32 30 30 20 -9 -9 -9 -9 
37 194 176 176 117 -41 -41 -41 -.41 
38 295 261 261 170 -48 -48 -48 -.48 
39 1,273 1,049 1,049 748 -110 -110 -110 ...110 
40 341 316 515 279 -13 -15 -.15 0-13 
41 1,944 1,394 1,392 1 9 162 0 0 0 0 
42 977 758 755 674 -56 -.56 -56 -56 
43 2074 411 402 0 0 0 0 0 
44 342 337 328 -ye -ye -ye -ye -ye 
45 25 23 0 0 0 0 0 0 
58 231 0 0 0 0 0 0 0 
73 
There was no hydrogen present in the gas phase. The gaseous products of 
the reaction were found to be butane, propane, propylene, ethane, ethylene 
and methane. Negative peaks have occurred at m/ e  = 29, 36, 37, 38 1 39, 
40 and 42 and large peaks still remain at m/e = 15, 26 and 28. 	It was 
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probable that these were errors arising from the repetitive calculation 
involved in analysing the large number of products present. 
The formation of the hydrocarbon products was followed. 	However, 
because of the large number of products found, it was impossible, when 
calculating the amount of propane, ethane, ethylene and methane 
present, to adopt the procedure of selecting hydrocarbon peaks which 
did not overlap with each other or with peaks from oxygenated species. 
The ethanol contribution to the peaks had to be subtracted. 	Butane, 
ethanol, propane, propylene, ethane, ethylene and methane were 
investigated by observing changes in peak height at m/ = 58, 45, 43, 41, 
30 9 27 and 16 respectively. 	Calculation of the species in each scan 
was carried out in the manner described in section 1.5. 
In a typical experiment, a known amount of ethanol (7.6 mm.Hg) was 
admitted to the reaction vessel at 30000,  and the reaction followed for 
240 minutes. Again a general picture of the manner of formation of 
the products was obtained although this was subject to large error duo 
to the long response effect of th3 oxygenated species and the lengthy 
calculations involved. 
The formation of the hydrocarbon products is shown in figure 1.6. 
Again there was an initial burst of activity resulting in the formation 
of butane, propane, propylene, ethane, ethylene and methane. 	The 
amount of propane and propylene produced was too small to analyse 
accurately by this method. 	The formation of ethylene and methane 
appeared to be slow during the first 30 minutes of the reaction when 
the initial burst of activity occurred. 	This initial slow formation 
wa probably not real but due, because of the slow response of the 
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alcohol in the mass spectrometer, to too large a contribution from 
ethanol being subtracted from the ethylene and methane peaks at 
rn,0 = 27 and 16 respectively. 	This conclusion was later verified by 
gas chromatography work. After the initial burst of activity, 
methane and ethane continued to be produced at a slower rate whereas 
the rate of butane and ethylene formation decreased and Stopped after 
230 minutes. 	The polymerisation process, resulting in the formation 
of butane from ethanol, took longer than that for ethane formation 
from methanol. 	This general picture obtained, for the formation of 
the hydrocarbon products was essentially similar to that obtained in 
the later gas chromatography work and will be discussed in greater 
detail in the relevant chapter. 
(c) 	Exchange Reactions 
An attempt was made to investigate the hydrogen/deuterium and 
methanol/deuterium exchange reactions on evaporated titanium films. 
A standard film was prepared and a 1:1 hydrogen/deuterium mixture 
.' admitted to the reaction vessel at 100 0  C. 	The peaks at III,e = 2, 3 
and 4 were monitored with the ionizing voltage at 15eV. 
Exchange was extremely rapid at 100 °C and was followed by a 
steady decrease in peak height to zero. Nine further hydrogen/deuterium 
mixtures were admitted under the same conditions and on each occasion it 
was observed that the hydrogen and deuterium were completely lost from 
the gas phase. Removal and inspection of the reaction vessel revealed 
that the hydrogen/deuterium mixtures had reacted with the titanium 
hairpin resulting in the formation of titanium hydride. 
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Two methods were adopted in an attempt to use only that amount of 
titanium required to give a film, 	15 tag. of titanium sponge was 
placed inside a coil of tungsten wire which was connected to the 
evaporation circuit. After the standard degassing procedure had been 
carried out, the current was then turned up to 9.5 amps at which point 
the titanium sponge melted. The current was immediately turned down 
and then gradually increased until the titanium evaporated. This 
method proved unsatisfactory since the tungsten coil broke before all 
the titanium had been evaporated. 
The other method employed was to completely evaporate the smallest 
workable amount of titanium wire (— 60 mg.) using the standard procedure. 
Again this proved unsuccessful as the wire broke before much of the 
titanium had been evaporated. 
The products of the methanol/deuterium exchange reaction were 
determined by admitting a known amount of deuterium (11.7 mm.Hg) to the 
reaction vessel at 31700  aid allov:ing it to be completely adsorbed on 
the titanium film. A known amount of methanol (8.8 mm.Hg) was then 
admitted and the reaction allowed to continue overnight to completion. 
The peaks were scanned from rn/c = 15 to 46 with the ionizing voltage 
at 15eV and analysis of the products was carried out in the manner 
already described for methanol. 
Using the fragmentation patterns in table 1.1, the analysis of the 
methanol/deuterium exchange reaction at 3170C was carried out in the 
manner described for the methanol reaction. The process is shown in 
table 1.5. 






-(CHT5 -OH OH -C2H6  -CH 
15 1,050 991 985 971 -38 
16 1,580 1,575 1,574 1,572 0 
17 88 85 85 85 85 
18 35 34 32 32 32 
26 57 56 56 7 7 
27 111 109 109 7 7 
28 1,104 1,074 1,058 245 245 
29 355 234 222 72 72 
30 244 240 230 0 0 
31 50 32 0 0 0 
32 25 25 -4 -4 ...4 
33 2 2 0 0 0 
43 62 58 58 58 58 
44 59 53 53 53 53 
45 580 0 0 0 0 
46 332 5 5 5 5 
No peaks at e = 2, 3 and 4 were observed. 	The products from this 
reaction were dimethyl ether, ethane and methane. 	There was evidence 
from peaks at m10 = 17 and 18 that CH 3D and CH 2D2 were formed. 
Deuterated ethanes were, however, not observed. 
It was later found that admission of a mixture of methanol and 
hydrogen or deuterium to the reaction vessel resulted in no substantial 
loss of hydrogen or deuterium from the gas phase. 	Consequently a 
mixture of alcohol and hydrogen was admitted to the system when 
studying these reactions using gas chromatographic analysis. 
1.8 Conclusions 
Although the use of the mass spectrometer in investigating the 
reactions of methanol and ethanol on evaporated titanium films was 
limited, the nature of the products -, zas established and a general 
picture of the manner of formation of the hydrocarbons obtained. 
Valuable information was also gained from the methanol/deuterium 
exchange reaction. 
Gas ohromatographio analysis was adopted and investigations were 
carried out in the light of the results obtained. using the mass 
spectrometer. 
Chapter II 
B.E.T. Surface Area Measurements of Titanium Films 
This chapter is concerned with the dependence of the surface 
area of titanium films on the time of sintering and on film weight. 
Films of all metals sinter to some degree when raised to a 
temperature above that at which they were deposited with consequent 
decrease in surface area. 
2.1 Preparation of Evaporated Titanium Films 
Due to the large amount of adsorbed gas in titanium wire, a 
standard procedure was adopted for the evaporation of clean titanium 
films. 20 cm. of high purity grade titanium wire ( > 99.7%) supplied 
by Imperial Metal Industries (Kynoch) Ltd. was bent into a hairpin 
filament and attached to the glass-covered tungsten leads by means 
of stainless steel connectors. 
Alter initial evacuation of the reaction vessel for Ca. 30 minutes 
the vessel was heated to 400 °C and the system baked and pumped 
continuously overnight with the wire degassing at red-heat by passage 
of a current of 3.0 amps. After bake-out, final outgassing of the 
filament was begun. With the reaction vessel still at 400 °C residual 
adsorbed gas was expelled by flashing the filament at 6.3 amps for 
short durations. Gases evolved from the wire were allowed to be 
pumped away between flashings. An Edwards high sensitivity IG - 3GA 
ionization gauge was used to monitor the pressure at all times. 	This 
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temperature resulted in negligible pressure rise. The system was 
left to bake out at 400°C for a further 20 minutes. 	The film was then 
evaporated at 6.3 amps. with the reaction vessel in ice. 	The pressure 
was monitored throughout the evaporation and was Ca. 5  x 10 min.Hg. 
Film weights were obtained by weighing the filament before and 
after evaporation. Films of between 10 and 20 mg. were evaporated in 
20 minutes. Films prepared in this way are quite porous as will be 
seen later from the fact that their apparent surface area is several 
times greater than the geometric area. 
2.2 Measurements of Fixed Volumes 
Helium was used to calibrate the various fixed volumes in the 
system since the gas is not appreciably adsorbed on glass. 	The fixed 
volumes shown in figure 2.1 were defined as follows: 
V1 = volume of McLeod bulb, sealed limb and cut-off. 
V2 = volume of the gauge connecting tubing between the out-off 
and the line tap, T 1 . 
V3 = volume of the line up to tap, T2 . 
V4 = volume of the reaction vessel. 
For the McLeod gauge, 
PV  = hnra 
P = h,ir 2a 
Vi 
P 	h. const. 	where corist. = ir r 2a 
Vi 
FIGU.RE. a.a 
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The mercury was raised to a fixed distance 'a' from the end of the 
cloaed tube and the corresponding height 'h' of mercury in the open 
limb was measured and hence the pressure determined. 
Reference distance 'a' 	90 min. r = 0.5 mm., V1 = 70.5 ml., hence 
.
Tr r2a = 1.00 x 10, giving P in inm.Hg when 'h' is in mm. 
v i 
The total volume (V1 + V2 + v3 ) was first evacuated and helium 
introduced into the line through a liquid nitrogen trap. The mercury 
level in the McLeod gauge was raised above the cut-off and the gas 
remaining in (v + v3 ) was pumped away. After adjusting the mercury 
level to the bottom of the cut-off, the pressure P 1 of the gas in V 1 
was measured. The gas was then allowed to expand into V 2 and the 
pressure, P2 , of the gas in (V 1 + v2 ) was measured. 
p 1 v 1 = p(v 1 + v2 ) 
Hence V2 = (P - 
P2 
Using the above expression, (p 1 - p2 )v1 was plotted against P2 
and V2 obtained from the gradient. 
and figure 2.2. 
Table 2.1  
The results are shown in table 2.1 
h,(mm)h2 (Inm) P1 (mm.Hg)P2(mm.Hg)(P 1 _P2 )(mm.Hg) (P 1 _P2 )V1 (Jg,1) 
234.4 	212.6 0.2344 0.2126 0.0218 1.537 
212.6 	1193. 2 0.2126 0.1932 0.0194 1.368 
176.4 p 159.6 0.1764 1, 0.1598 0.0166 1.170 
159.8 1145.3 10.1598 1 0.1453 0.0145 1.022 
V2=6.1ml. 
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Similarly volumes V 3 and V4 were determined, 
V3 = 19.1 ml. 	and 	V4 = 176.0 ml. 
2,3 Temperature Calibration 
Since the reaction vessel was cooled in liquid nitrogen for surface 
area measurements, a temperature gradient existed between the cooled 
reaction vessel and the remainder of the system, which was at room 
temperature. 	This was allowed for by calibration. 
A small quantity of helium was introduced to (V 1 + V2 + v3 ) at a 
pressure P 1 . 	This total quantity of helium was expressed as a volume 
in ml, at NTP denoted VT(NTP). Liquid nitrogen was then brought up 
around the evacuated reaction vessel to a fixed level. 	The helium 
was expanded into this volume and the equilibrium pressure P e  noted. 
The volume of gas remaining in volume (V 1 + V2 + v3 ) at NTP, denoted 
VL(NTP) could then be calculated. The volume of gas in the reaction 
vessel, VR(NTP)  was then given by the relation 
VR(NTP) = VT(NTP) - VL(NTP) 
A volume factor f was defined by the relation 
f V•R(NTP)/Pe ml.NTP/mm.Hg. 
Using this factor, any value of VR(NTP)  could be calculated from 
measurement of the equilibrium pressure. VR(NTP) only refers of course 
to molecules in the gas phase. 
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Gas h1 (mm.) P1(mni.Hg.) he(IU21e) P(rnri.Hg.) 
Room (°K) 
Temperature 
Helium 221.8 0.2218 39,3 0,0393 298.8 
171.8 0.1718 30.7 0.0307 299.9 
VT(Helium) 	2.552 x 10 2m1.NTP. 
vL(HeliUln) = 0.452 x 10 2ra1.NTP. 
VR(Heliwa) = 2,100 x 10 2m1.NTP. 
f = 2.100 x 10 2ml.rnn.Hg. 
3.93 x 10-2 
= 0.534 ml.rnn.Hg.  
VT(H1ium) = 1.969 x 10 2m1.NTP, 
VL(HoliuIn) = 0.352 x 10 2m1.NTP. 
TR (Helium) = 1.617 x 10 2u1.NTP. 
f = 1.617 x --10
2
- rA.Mm.Hg 
3.07 x 10*2 
= 0.527 ral.mm.Hg. 
Hence VH  = 0.530 Po 
 til.NTP. 
2.4 Surface Area Measurements 
The krypton, used in these experiments, was admitted to 
volume (V 1 + V2 + v3 ) through a simple injector consisting of two 
taps in series. 
An initial volume of krypton VT(tTT1), defined in the same way as 
in the temperature calibrations, was admitted to volume (V 1 + V2 + 113 ), 
then expanded into the liquid nitrogen cooled reaction vessel. 
vL(NTP) was calculated from the observed equilibrium pressure P and 
VR(NTP) calculated using the volume factor f. 	In the presence of the 
metal film some of the krypton was adsorbed so that the following 
relation now held. 
VT(NTP) vL(NTP) + VR(NTP) + VA(NTP) 
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where V(i'TTP) is the volume in m1JTP of krypton adsorbed on the 
catalyst at equilibrium pressure P 0 . 
A second addition of krypton was then admitted to (V1 + V2 + 11 3 ) 
with the reaction vessel isolated from (v 1 + V2 + 113 ). After noting 
the pressure in (V 1 + V2 + v), this new volume V 
2 
 was expanded into 
the partially filled reaction vessel. 	If subscripts 1 2 2, etc. are 
used to denote which expansion the V terms refer to, the volume of gas 
adsorbed is now given by the relation 
VA - L 	
+ 	~ 
V)( 
- V  - V  whore the expression in 
2 	1 1 	2J 	2 	2 
brackets now replaces the VT  term. V is the total volume at NTP of 
2 
krypton in volume (111 + V2 + 113 ) prior to the second expansion. In this 
way a series of values of VA(NTP) were obtained together with their 
respective P e 
 values. 	The values were inserted in the B.E.T.(72) 
equation given below. 
1 	• V = 1 + (c-i).P 
p) 	
m 
where P0 = saturated vapour pressure of krypton at -196 0 C. 
= volume of krypton to give a monolayer on the surface. 
C = a constant. 
It can be seen that a plot of Pe/(Po_Pe)VA against P 0!?0 gives a 
straight line of gradient S = (c-1)/C V and intercept I = 1/C.V from 
whichV = 1 
' 	3+1 
The number of krypton atoms to give a monolayer was then calculated 
and by assigning a given cross-sectional area to each krypton atom 
adsorbed, the area of the catalyst was expressed in units of on2 . 
\\BU/ 
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This method was found to be sufficiently accurate for five 
expansions before serious additive errors arose. 
The temperature of the liquid nitrogen bath was measured by an 
oxygen vapour pressure thermometer 	and this temperature was used 
to find the value of P 0 for krypton from a krypton vapour 
pressure/temperature curve. 	Since at liquid nitrogen temperature, 
krypton is solid. (triple point 116 0K), literature vapour pressure 
data refer to solid krypton. 	A physically adsorbed film, however, 	is 
more likely to have the properties of a liquid than a 	 so 
that P was obtained by extrapolating the vapour pressure curve of 
liquid krypton below the triple point using the vapour pressure data of 
Mehuizen and crommeiin. 
The cross-sectional area occupied by an adsorbed krypton atom was 
0 2 
taken to be 19.5A 
Results for typical surface area determinations are shown in 
tables 2.2 and 2.3 and the corresponding B.E.T. plots in figures 2.3 
and 2.4. 
It was found that the surface area was markedly reduced on 
sintering. 	Figure 2.3 gives the surface area of the unsintered 
titanium film and figure 2.4 the area when the film has been sintered 
for 5 minutes. 	Surface area determinations were also made after 10 
minutes and 20 minutes sintering. 	The results obtained, together 
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iJnsin_tcd Film 
Room Toripoaturo - 296.0 o  IL" 
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Table 2.2 
P/(P_P)VA(n111' 






I=0.15m1._ 1 	S=9.33 ml. 1  
V 	1 	= 	1 = 0.106 ml.NTP. 
In 3+1 9.48 
then the surfaoo area A = 0.106 x 6 x 10 x 19.5 x 10 	cm 
22.4 x 10 
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Film Sintered f or 5ii at 35 °C 
Room Temperature = 297.9 °K. 
P0 Krypton 	= 2.99 min.Hg. 
















I = 0.83 ml 	 S = 14.27 ml 
.. V = 	1 	= 1 	= 0.0662 ml NTP m + 15.10 
then the surface area A = 0.0662 x 6 x io23  x 19.5  x 10 - 
 16  cm  
22.4 x 1O3 
= 3,2+60 cm  
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Film Area (cm. ) Film Weight (mg.) 
Blank 3,420 0.0 
0 5,512 11.7 
5 3,460 18.2 
10 3,550 11.5 
20 3,550 13.1 
It can be seen from figure 2.5 that after 5 minutes sintering at 
335 ° C the surface area of the film, irrespective of its weight, has 
reduced to a constant value. 	It was impossible to explain the 
unusually high blank area and hence it was not possible to give an 
absolute value to the sintered surface area. 	It is to be noted 
however that the difference (sintered film area - blank) is about 
100 cm  compared with the geometric area of about 240 cm2 . 	This 
comparison may be/is without significance since it was estimated, on 
the assumption that the values of tht may have been in error by 
± 0.5 mm., that the film areas were not accurate to better than 
+ 200 cm 2 
The blank area of 3,420 cm. 2  was found for a reaction vessel that 
had been constantly used, whereas a blank of 210 cm. 2 was found for a 
new vessel. 	It was possible that concentrated hydrochloric acid, 
used to dissolve the films, had leached the glass giving a porous 
surface of high area. 
- 
The procedure adopted for all experiments was to sinter the 
freshly thrown film for 10 minutes at the reaction temperature before 
admitting the reactant at that temperature. 	This procedure was 
similar to that used by Anderson and McConkey (63)  who found that a 
constant area was attainod after 1C minutes sintering at 200 ° C. 
A computer program (see Appendix I) was used for the calculation 
of surface areas. 
FIGLLFIE 3.1_ 
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Chapter III 
The Reaction of Methyl Alcohol 
The apparatus consisted of, 
	
(i) 	The high vacuum gas-handling system. 
(2) 	The reaction vessel and sampling system. 
() 	The gas chromatography system. 
The high vacuum gas-handling system was essentially as 
described in section 1.2. An additional feature was a Toepler pump, 
glass blown on to the main line of the system and used for the with-
drawal of gas samples from the reaction vessel for carbon monoxide 
analysis with an M310 mass spectrometer. 
The reaction vessel was the same as described in section 1.3, 
but with a different sampling system. Sampling of the gas mixture 
in the reaction vessel was effected by means of a 1.0 mm. bore 
capillary tube, which was internally sealed through the socket carrying 
the tungsten leads and which terminated in the centre of the reaction 
vessel. 	The other and of the capillary connected, with the gas 
chromatographic sampling system. 	The latter consisted essentially of 
two Y-tap (with V-bore keys) in series with a third tap as shown in 
figure 3.1. 	By suitably turning the Y-taps, the sample loop could be 
evacuated, then filled from the reaction vessel, after which the sample 
could be flushed directly into the GLC columns by the carrier gas. 
The volume of the sample loop was-0.5% of the reaction vessel volume. 
The high vacuum gas-handling system, reaction vessel and sampling 
system were the same for all the reactions studied. The chromatography 
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described in detail as tten e coaxy, 
3.1 Gas Chromatography System 
For the study of the reaction of methyl alcohol, two - O.D. 
stainless steel chromatography columns were used in series: a 
5"" ' Porapak Q column at 110 0C was followed by a 2 ' Carbowax 1540 column 
at room temperature. A flame ionization detector (83)  coupled to a 
33B2 Vibron electrometer amplifier was used, the output from the 
amplifier being fed to an integrator and recorder as shown in figure 3.1. 
The flow of nitrogen carrier gas, hydrogen and air was 26 ml.min., 
30 ml.min. 	and 500 ml-min.- 1 respectively. 	This system enabled 
methane, ethane, propane, dimethyl ether and methanol to be separated in 
8 minutes and sampling of the reaction mixture to be carried out every 
10 minutes. A typical trace illustrating the separation of these 
species is shown in figure 3.2. Ethylene and propylene appeared as 
shoulders on the ethane and propane peaks respectively but were never 
found in sufficient quantity (always <1%) to warrant further separation. 
3.2 Sensitivities 
The absolute sensitivity of the chromatographic system for the 
reactant and products was determined by recording the integrator count 
obtained from the sample of a known pressure of the species in the 
reaction vessel. This procedure was carried out using two different 
pressures of each species (see figure 3.3). 	The relative sensitivities 
of the products, methane, ethane, propane and diznethyl ether were 
expressed as the ratio of their respective counts to the methanol 
count at the same pressure. A carbon balance was then calculated by 
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subtracting from the initial methanol count the sum of the product 
counts divided by their respective sensitivities. Allowance was also 
made, when doing this calculation, for the slight decrease in the gas 
phase in the reaction vessel resulting from the removal of samples for 
analysis (see section 303). 
This method of determining sensitivities means that all products 
and the "carbon loss" (see below) were obtained as equivalent 
quantities of methanol. For example, the statement that 100 of a given 
product was present implies that 10% of the original methanol had been 
converted into the said product. 
3.3 Experimental Procedure 
A similar procedure to that described in section 1.7 was adopted 
for film preparatione After the film had been sintered for 10 
minutes at the reaction temperature, a known amount of methanol 
(io m.m.Hg.) was admitted to the reaction vessel and the time noted. 
A sample of the gas phase in the reaction vessel for analysis was 
taken after the first 5 minutes and every 10 minutes thereafter. 	One 
minute before each sample for analysis was taken, a sample of the gas 
phase was taken and discarded. 	This procedure was adopted to ensure 
that the gas phase in the connecting capillary was, as nearly as 
possible, representative of the gas phase in the reaction vessel. 
The sum of these two samples taken amounted to —'i% of the gas phase 
in the reaction vessel. 	This reduction in gas phase content was 
allowed for when calculating the carbon balance. After allowing 30 
so onds for the gas sample to be flushed into the GLC columns, the 
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sampling system taps were returned to their original positions and the 
sample loop evacuated ready for the next sample. The reaction was 
followed to completion, which sometimes necessitated running overnight 
when low temperature rune were being studied. 
The presence of carbon monoxide could not be detected by means of 
the flame ionization detector. The amount of carbon monoxide formed 
was determined by cooling the reaction vessel in liquid, nitrogen to 
stop the reaction and to condense out dimethyl ether, methanol, 
propane and ethane, after which a sample of the methane and carbon 
monoxide was withdrawn by means of a Toepler pump. The ratio of methane 
to carbon monoxide was then determined using an AEI MS10 mass 
spectrometer. The amount of carbon monoxide present was then calculated 
using this ratio and knowing the percentage of methane present at the 
time the reaction was stopped as read from the percentage composition 
graph of a reaction at the seine temperature. 
An estimate of carbon lost to the surface was determined by 
dissolving the titanium film at the end of a reaction in the minimum 
amount of concentrated hydrochloric acid, transferring the liquid to a 
silica crucible and gently evaporating to dryness. 	This procedure 
was adopted because the film could not be peeled off the walls of the 
reaction vessel. A known weight of the resulting powder was then 
analysed for carbon in a Perkin-Elmer Autoanalyser. The weight of 
carbon in the total weight of powder obtained from the film was then 
calculated. The theoretical amount of carbon lost from the gas phase 
was calculated knowing the amount of methanol admitted to the reaction 
vesel initially, the percentage unreacted and the percentages of 
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methanol converted, to each of the products. 
The following reactions were also studied in order to obtain a 
greater understanding of the processes involved in the reaction of 
methanol on titanium films, 
A second reaction on the same film. 	The first reaction 
was followed to completion and the reaction vessel evacuated 
for 15 minutes at the reaction temperature. A known amount of 
methanol was then introduced and the reaction again followed. 
A second reaction on the same film. 	The first reaotion 
was followed for 30 minutes and then the system evacuated for 
15 minutes at the reaction temperature. 	The second reaction of a 
known amount of methanol was followed. 
Reaction on a film pre-treated with water. 	The freshly 
prepared film was sintered. for 10 minutes at the reaction 
temperature. A known amount of water was introduced into the 
reaction vessel at this temperature and left in contact with the 
film for 30 minutes. 	The vessel was then pumped out for 15 
minutes, a known amount of methanol admitted and the reaction 
followed. 
(a) Reaction in the presence of hydrogen: A known mixture of 
methanol and hydrogen was admitted to the reaction vessel at the 
reaction temperature. The resulting reaction was followed to 
completion. 
.4 Treatment of Exerjmental Results 
The results were analysed by initially plotting percentage 
composition against time to give a general picture of the course of 
the reaction, It is to be remembered that on all the percentage 
composition graphs, the products are expressed as equivalent percentages 
of methanol, so that, if no loss of carbon occurred, the sum of all 
the product percentages plus that of the reactant would have been 
equal to 100 at any given time. Due to the lengthy calculations 
involved, a computer was used to calculate the percentage composition 
from a knowledge of the peak counts and their respective sensitivities. 
The program is shown in Appendix I. 
AaLyis of Kinetic Result s  
In kinetic investigations, concentrations are measured at 
various times. 	The rate of the reaction is then expressed in terms 
of an equation which relates the rate to the concentration of 
reactant(s) and sometimes of product(s). 	There are two main methods 
for obtaining such an equation, 
(i) 	The Method of Integration 
In this method, the rate equation which is thought to be applicable 
is taken and converted by integration into an equation giving 
concentration (o) as a function of time (t), which is then compared 
with the experimental variation of c with to 
For a first-order reaction, lxi a 	= Kt where a and a - x are 
a- x 
the concentrations of the reactant at time t = o and t = t respectively 
and K is the rate constant, and hence a plot of the experimental value 
of in (a - x) against t should yield a straight line. 
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In the general oaso of a reaction of the n-th order, with equal 
initial concentrations, the rate equation is, 
dx = K(a - 
dt 
from which integration gives, 
1 	1 	- 	1 	I =Kt [n-i L(a_x)hl_i an-1 
This equation applies to any value of n except n = 1. 
(ii) 	The D.ifferential Method 
This method, which is due to van't 	 is concerned with the 
actual rates of reaction as determined by measuring the slopes of 
concentration-time curves. 	If a reaction has an order (n), the 




or log v = log K + n log c 
If the rate is determined at various values of the reactant 
concentration, a plot of log v against log o may give a straight line 
whose slope represents the order of the reaction with respect to the 
species whose concentration is being varied. 
This method may be applied in two ways. 	The initial rates, 
i.e. the elopes at the very beginning of the reaction, may be measured 
for various initial concentrations, The logarithm of these rates are 
then plotted against the logarithms of the corresponding initial con-
centrations. The slope represents the order of the reaction. At the 
beginning of a reaction, the reactant is the major species present in 
the reaction system; at later stages, however, reaction intermediates 
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or products may be interfering with the course of the reaction. 
This method of dealing with rates avoids the possible complications that 
may arise due to interference by products and therefore leads to an 
order which corresponds to the simplest type of situation. 	Letort (80)  
has referred to the order determined in this way as the 'order with 
respect to concentration' or the 'true order'. 	The symbol n was used 
to denote this order. 
The second way in which the differential method can be applied 
involves considering a single run and meauuring slopes at various times. 
Again the logarithms of the rates are plotted against the logarithms of 
the corresponding reactant concentrations and the slope is the order. 
Letort has referred to this order as the 'order with respect to time'. 
The symbol n. was used to denote this order. 
For a given reaction, n and n t are not necessarily the same. 
If nt ) n then, as the reaction proceeds, the rate falls off more 
rapidly than it would be expected to do on the basis of the true order. 
This falling off moans that some intermediate or product in the reaction 
is bringing about inhibition. 
If n, < n the rate is falling off less rapidly with time than 
might have been expected. 	It follows that in this case there must be 
some activation by the products of the reaction. 
The method of integration and the differential method were used in 
the analysis of the kinetic results. 
Arrhenjue Plots 
The values of the initial rate for the disappearance of methanol 
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found and the values of 1og 10(Initial Rate) plotted against K/T in 
order to obtain the activation enorgy(E) from the Arrheniuo equation, 
log10K = log10A - E/2.303RT 
where R is the gas constant and T the temperature in K. 
3 , 5 Results 
(i) 	Reaction of Methyl Alcohol 
Figure 3.4 shows the course of the reaction of methanol on 
evaporated titanium films at temperatures of 249 0C and 3480C. The 
gaseous products of the reaction were methane, ethane, propane and 
dimethyl ether. 	The amount of propane formed was small (always <%) 
and has not been plotted. 	'Cl' represents the loss of carbon from the 
gas phase as the reaction proceeds. Evacuation of the system and 
admission of hydrogen at the reaction temperature did not result in 
the carbon being returned to the gas phase as hydrocarbons. 
Figure 3.5 shows the first-order kinetic plots obtained from these two 
reactions by plotting log 10(%CH3OH) against time. 
The differential method was used to determine the order of the 
reaction with respect to concentration or true order, and the order 
with respect to time. 	The true order, no , was obtained from the 
reaction at 348°C using initial methanol pressures of 7.6 inm.Hg., 
11.2 mn.Hg., 17.4 mm.Hg. and 22.4 mm.Hg. 	The results are shown in 
table 3.1 and figure 3.6. 	Log10 (initial rate x P CH 
3 
OH) was plotted 
because initial rates had been obtained from the percentage composition 
d graph and expressed in /iin. 	of the different initial methanol 
concentrations. 
FG)i1.E 3.6 
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X P CH30H 
[iog10 (Initial Rate) 
X P CH30H 
Log10P11 OH 
11.2 3.46 38.8 1.589 1.049 
7.6 5.82 44.2 1.645 0.881 
17.4 3.28 57.1 1.757 1.241 
22.4 2.27 50.8 1.706 1.350 
11.2 6.43 72.0 1.857 1.049 
From the slope of the graph, 
True order, n o = 0 
Zero-order dependence of the initial rate of reaction on the pressure 
of methanol was thus found. 
The order with respect to tine, n 1 , was obtained from the reaction 
of 11.2 mm.Hg. methanol at 348 0 C. 	The results are shown in table 3.2 
and figure 3.7. 










Time(Mins,) Concentration(%) 	Log10 (Conc.) Rate(%nin.) Log10 (Rate) 
5 46.4 1.667 5.08 0.489 
10 35,7 1.553 1.64 0.215 
15 28.8 1.459 1.18 0.072 
20 23.7 1.375 0.90 -0.046 
25 19.7 1.295 0.78 -0.108 
30 16.0 1.204 0.68 -0.168 
35 12.8 1.107 0.60 -0.222 
40 9.9 0.996 0.54 -0.268 
45 7.5 0.875 0.46 -0.337 
50 5.3 0.724 0.38 -0.420 
55 3.7 0.568 0.28 -0.553 
60 2.4 0.380 0.20 -0.699 
65 1.5 0.176 0.13 -0.886 
From the gradient of the line, 
Order with respect to time, n  = 0.70 
n = 0.70 was substituted into the equation derived by the method 
of integration for reactions of the n-th order, 
1 	r 1 	- 	1 	1=Kt. 
n - 1 [C- x) 1 a1 j 
n 0.70, hence 
-10 [(%CH 3 OH)3/10 - 3.981] = 
A plot of _j. [(%CH 3 OH)3/1 0-3-9 81 ] against t is shown in table 3.3 
and figure 3.8, 
FIGUR E_ f .
TME(v\IsWte.S). 
Table 3.3 




(%CH OH)3/10_3.981  3 
-10 (%CH OH)3/10-3.981) 
3 	3 
0 100.0 3.981 0.000 0.00 
5 46.3 3.160 -0.821 2.74 
10 35.7 2.922 -1.059 3.53 
15 28.8 2.740 -1.241 4.14 
20 23.7 2.584 -1.397 4.66 
25 19.6 2.442 -1.539 5.13 
30 16.0 2.297 -1.684 5.61 
35 12.8 2.149 -1.832 6.11 
40 9.9 1.989 -1.992 6.64 
45 7.5 1.830 -2.151 7.17 
50 5.3 1.649 -2.332 7.71 
57.5 3.0 1.390 -2.591 8.64 
65 1.5 1.129 -2.852 9.51 
The orders with respect to time, n, for the disappearance of 
methanol at 348° C using different initial reactant pressures are 
summarised in table 3.4. 
Table 3.4 
Run No Film Wt. (mg.) P CH30H 
62 19.7 7.6 0.70 
63 16.0 17.4 1.16 
64A 11.2 22.4 1.76 
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Inspection of the results obtained for the true order, n, and 
the order with respect to time, n t , revealed that n < ni• 
Carbon Monoxide Analysis 
The amount of carbon monoxide formed was determined at various 
times during the reaction of methanol at 335 ° C. 	The course of the 
reaction is shown in figure 3.9. 	Five other reactions at the same 
temperature were followed stopping each after 30, 40 9 60, 90 and 120 
minutes respectively. The methane to carbon monoxide ratio at these 
times in the reaction was measured and the amount of carbon monoxide 
calculated. 
The sensitivity of the mass spectrometer for methane and carbon 
monoxide was, 
CH4/C0 = 1.01 
After 30 minutes reaction, the amount of methane and carbon 




Peak 16 - 15 Peak 28 Peak 16 
1.01 
14 7095 7095 7,695 
15 53,103 53,103 53,103 
16 61 9 900 61,856 61 9 250 
28 4,146 4,146 4,146 
- 70 - 
From the table CH = 61,250 = 14.8 
co 	4,146 
from figure 3.9 after 30 minutes reaction, /oCH 4 = 12.0 
%co = 12.0 = 0.8% 
14.8 
The amount of carbon monoxide formed during the reaction is 
summarised  in table 3.6. 
Table 3.6 
Run No. Time (mins.) %co 
56 30 0.8 
54 40 0.4 
57 60 1.7 
53 90 2.8 
55 120 2.9 
Hence approximately 3% of carbon monoxide was formed during the 
reaction. 
Calculation of Number of Oxygen Atoms Per Titanium Atom 
The number of oxygen atoms per titanium atom was calculated 
from a knowledge of the number of sites 0il 2 of surface and the 
initial pressure of methanol. 	The value used for the number of sites 
cm- 
2  of surface was calculated from the film area and the lattice 
dimensions of the metal, assuming that each surface metal atom was 
an adsorption site and the crystal planes at the surface were randomly 
orientated. An average value was taken over the lower index planes. 
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Thus for titanium, 
Number of sites/cm 2 	101015 (71) 
PV nRT 
P = 11.0 mLl.Hg. = 11.0/760 atmospheres. 
V = 0 .176 1 
R = 0.082 Jitre atmosphere deg 1 . 
T = 600°K. 
Hence 	xi = 5.295 x 10 	moles 
and number of molecules = 3
-.19-x i0 19 
Taking the surface area of the film as 100cm 2 , then 
number of sites/100 cm  = 1.0 x 10 17  
/ 	 , Hence number of oxygen atoms/site 	x 19 3.19 	10 jl.0 x 10 17  
100 
Therefore there is enough oxygen in the system to give about a 
one hundred fold coverage of the surface, 
The only oxygenated species to occur in the gas phase were 
dimothyl ether and carbon monoxide and these amounted to only 3 to 




After reaction of methanol at 335 °C for 60 minutes, the titanium 
film was dissolved in concentrated hydrochloric acid, and evaporated to 
dryness. 
72 - 
Total weight of powder = 13.78 mg. 
By combustion, the sample was found to contain 1% Carbon. 
Weight of carbon in film = 0.14 mg. 
Theoretical: 
PV = nRT 
n = PV 
RT 
CH30H = 10.6 inm.Hg. = 10.6/760 atmospheres 
V= 0.181 
1 R 	0.082 litre atmosphere dog- 
T = 608°K 
Hence number of moles of CH 3OH, ri = 5.035 x 10 moles. 
Now 1 mole CH3OH weighs 32 gms. 
5.035 x 10-5 moles weighs 32 x 5.035 x io 	gtis. 
Weight of 0113 011 = 1.61 mg. 
, 
Hence weight of carbon = 1.61 x 
12  /32 = 0.60 mg. 
After 60 minutes reaction, the percentage carbon loss was 33.3%. 
Weight of carbon in film = 0.20 mg. 
The experimental weight of carbon in the film was less than the 
theoretical amount. 	This was probably due to some carbon being lost 
during the dissolving of the film and evaporation of the liquid. 
Arrhenius Plots 
The initial rates of disappearance of reactant and formation of 
products were taken as the amount of the species reacted or formed in 
the first 10 minutes of the reaction. Initial rates, which were taken 
because it was more certain what was present in the reaction system at 
F1 GU-PE 3.10 
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that time, were expressed in % min 1 . 	It was not necessary to 
multiply the in.tial rate by the pressure of methanol because the 
same initial methanol pressure was used for each reaction. 
The initial rates for the disappearance of methanol and the 
formation of methane, ethane and 'carbon loss' in the temperature 
range 245.5 0 to 36000  are summarised in tables 3.7 and 3.8. 
Figure 3.10 shows the Arrhenius plots for the reaction of 




Initial Rate Log10 (Initial Rate) Initial Rate Log 10 (Initial Rate) 
2.15 0.332 0.42 -0.377 1.928 
8.72 0.941 5.67 0 .754 1.580 
7.00 0.845 4.15 0.618 1.591 
4.48 0.651 2.35 01,371 1.735 
6.43 0808 4.00 0.602 1.609 
2.30 0.362 0.47 -0.328 1.915 
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Table 3.8 
0 2 116 'Carbon Loss' 103/T 
Initial Rate Log 10 (initial Rate) Initial Rate Log10 (Initial Rate) 
0.17 -0.770 1.59 0.201 1.928 
1.10 0.041 1.75 0.243 1.580 
0.75 -0.125 1.75 0.243 1.591 
0,64 -0.194 1,66 0.220 1.735 
1.15 0.061 - - 1.609 
0.20 -0.700 1.60 0.204 1.915 
The activation energies for the disappearance of methanol and the formation 
of methane, ethane and 'carbon loss' are, 
E(CH3OH) = 29.0 KJoules/mole 
EA(CH4) 	= 61.1 KJoules/mole 
EA(C2H6) = 49.5 KJoules/xnole 
EA (ICI) 	= 2.7 Kjoules/mole 
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Second Reaction On The Same Film 
Figure 3.11 shows the standard methanol reaction at 360 °C using 
9.6 mm.Hg. methanol. 	The initial rate of disappearance of methanol 
was 8.72iin. 	The methanol completely reacted in 25 minutes 
followed by reaction of the dimethyl ether. 	The products of the 
reaction were methane ( 6 5%), ethane (10.5%)1 and 'carbon loss' (25%). 
3% of dimetliyl other was formed before itself reacting. 
The reaction vessel was pumped for 15 minutes at this 
temperature and then the same amount of methanol admitted. 	The 
resulting reaction is shown in figure 3-11 and the initial rate of 
methanol disappearance was 3.85%min. The methanol completely reacted 
in 180 minutes. 	The products were methane (49%), ethane (3%), 
'carbon loss' (48%) and dimethyl other (ii%) before itself reacting. 
Further reactions on the same film resulted in the rate of methanol 
disappearance becoming progressively slower. 
Figure 3.12 shows a standard methanol reaction at 335 °C using 
11.2 mn.Hg. methanol, which has been stopped after 30 minutes reaction, 
pumped for 15 minutes at the reaction temperature and then the same 
amount of methanol again admitted. 	On the clean film, the initial 
rate of methanol disappearance was 3.6 8%aiari , whereas in the second 
reaction it was 0.761/0'min0 	In the second reaction, the amount of 
ethane formed was diminished and more &Lmethyl ether was observed. 
Reaction After Pro-treatment with Water 
18.3 min..Hg. of water was left in contact with a sintered film for 
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temperature and then 11.1 nm.Hg. of methanol admitted. 	Figure 3.12 
shows the course of the reaction which had an initial rate of methanol 
disappearance of 0 .95in 1 . which was about the same as that observed 
for the second reaction of methanol on the same film at 335°C after 30 
minutes of the first reaction. 	Again it was observed that loss 
ethane and more dimethyl ether was formed with 'carbon loss' still 
occurring. 
(iv) Reaction In The Presence of Hydrogen 
The reaction of methanol and hydrogen at 5480C, shown in figure 3.13 
for initial E2/CH3OH ratios of 1.35 and 2.18 9 resulted in initial rates 
of methanol disappearance of 3.78 and 5.53%min. respectively. 	The 
gaseous products were methane, ethane, propane ( <i%) and d.imethyl 
ether. 	Carbon loss was also observed and was less in the faster 
reaction. 
The orders with respect to time, ntp were found to be 0.51 and 
0.62 respectively. 	n = 0.50 and 0.60 were substituted into the 
equation for reactions of the n-th order. 	Figure 3.14 shows the 
resulting plots. 
.6 Summary 
The reaction of methyl alcohol on evaporated titanium films was 
investigated in the temperature range 245.50 to 3600C. The gaseous 
products of the reaction were methane, ethano l propane (always <i%), 
dimethyl other and carbon monoxide ('-'3%). Considerable carbon loss 
was also found and was not returned to the gas phase as hydrocarbons 
on the admission of hydrogen at the reaction temperature. 
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On dissolving the film with concentrated hydrochloric acid, carbon was 
seen on the walls of the reaction vessel. 	The activation energies, 
as measured from initial rates, for methanol disappearance and 
methane, ethane and 'carbon loss' formation were 29.0, 61.1 9 49.5 and 
2.7 KJoules/mole respectively. 
After an initial burst of activity, the reaction was slow at 
249 0C with only 50% of methanol reacted in 300 minutes. At 348 0 C 
the reaction was complete in 80 minutes with the same gaseous products, 
though not in the same proportions, formed. 	After the methanol had 
completely reacted, the dimethyl ether was observed to slowly react. 
In faster reactions, loss carbon was lost from the gas phase and a 
greater amount of methane and ethane formed.. Most of the ethane was 
formed during the initial burst of activity but methane and dimethyl 
ether continued to be produced at a slower rate beyond this point. 
Variation of initial methanol pressure showed a zero-order 
dependence of reaction rate. 	The order with respect to time, n t , 
was found to be r.0.70. 	The disappearance of methanol at 348° C 
obeyed 0.70-order kinetics after an initial burst of activity for 10 
minutes when 64.5% of the methanol had reacted. 	At lower temperatures, 
the length of the initial activity, before 0.70-order kinetics was 
obeyed, increased. 	It was observed that n0 ( n and hence the rate 
was falling off more rapidly than would have been expected on the 
basis of the true order. 
Second reactions on the same filn and reactions on water pre-
treated films at the same temperature resulted in a substantial loss 
of the initial burst of activity and showed similar initial rates of 
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methanol disappearance. 	In both cases, 
species (ethane) and more dimethyl ether 
ethane formed was the sane as was produc 
initial burst of activity. Methane was 
that after the initial burst of activity 
was also o'curring to the sane extent as 
formation of less polynerised 
was observed. 	The amount of 
d on a clean film after the 
formed at a rate similar to 
on a clean film. 	Carbon loss 
on a clean film. 
In the presence of hydrogen, the same products were formed in 
amounts dependent on the rate of reaction. 	The rate increased with 
increase in H2/CH3OH ratio with subsequent increase in the amount of 
gaseous products and less carbon loss. After the initial burst of 
activity 0.50- and 0.60-order kinetics was observed for H 2/CH3OH ratios 
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Chapter IV 
The Reaction of Ethyl Alcohol 
The apparatus, consisting of the high vacuum gas-handling system, 
reaction vessel and sampling system, was the same as used for the 
methanol studies and is described in chapter III. 
4.1 	Gas Chromatography System 
Two chromatography systems were used for the study of the reaction 
of ethyl alcohol. 	The first consisted of two * O.D. stainless steel 
chromatography columns in series: a 2 Carbowax 1540 column at room 
temperature was followed by a 5 Porapak 0,. column at 1700 C. 	The 
detection system was the same as that used for methaaol studies. 
The flow of nitrogen carrier gas, hydrogen and air was 26 ml.min.' 1 , 
30 nxl.min. 	and 500 ml-min.- 1 respectively. 	This system enabled 
methane, ethane, propane, n-butane, diethyl ether and ethanol to be 
separated in 12.5 minutes and sampling of the reaction mixture to be 
carried out every 15 minutes. A typical trace illustrating the 
separation of these species is shown in figure 4.1. 	Ethylene and 
propylene, which were also products of the ethanol reaction, could not 
be separated from ethane and propane respectively using this system. 
A second system was used to follow only the hydrocarbon products 
of the reaction. 	This system consisted of 6* ' of * O.D. stainless 
steel tubing filled. with S'qualane-Alunina (3:97) on 100-120 mesh 
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The flow of nitrogen carrier gas, hydrogen and air was 
26 ml,inin. 1 , 30 ml-min. -  and 500 ml.cin. 1 respectively. 	This 
system enabled methane, ethano l ethylene, propane, propylene and 
n-butane to be completely separated in 19 minutes and sampling to be 
carried out every 20 minutes, A typical trace illustrating the 
separation of these species is shown in figure 4.2. 
4.2 Sensitivities 
The absolute sensitivities of the two chromatographic systems 
for the reactant and products were determined in the same mariner as 
described for the methanol system (see section 3.2). 	These are illustrttod 
in figures 4.3 and 4.4. 	The relative sensitivities were now expressed 
in terms of ethanol, and a carbon balance calculated in the same way 
as for methanol. 
4 , 3 Experimental Procedure 
The experimental procedure was similar to that used in the 
study of the reaction of methyl alcohol and is described in detail in 
section 3.3. 	Sampling, however, was carried out every 20 minutes. 
Again, second reactions on the same film, reactions on a film pre-
treated with water and reactions in the presence of hydrogen were 
investigated. A computer program for the calculation of the 
percentage composition from a knowledge of the peak counts and their 
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4,4 Results 
(i) Reaction of Ethyl Alcohol 
Figure 4.5 shows the general course of the reaction of ethyl 
alcohol at temperatures of 254 ° and 342 0 C. 	The initial rates of 
ethanol disappearance were 2.20 and 6.266in., The gaseous products 
of the reaction were methane, ethane, ethylene, propane, propylene, 
n-butane and diethyl ether. The amounts of methane, propane and 
propylene formed were always very small and have not been plotted. 
The sum of the amounts of ethane and ethylene formed has been plotted 
because separation of these species was impossible on the column 
used. 	Carbon loss was expressed in terms of ethanol and is shown 
as 'C 2 ' formation. 	Carbon monoxide was found to be present in only 
very small quantities. Evacuation of the reaction vessel, at the end 
of a reaction, for 15 minutes at the reaction temperature and admission 
of hydrogen at this temperature, resulted in none of the carbon lost 
during the reaction returning to the gas phase as hydrocarbons. 
A zero-order dependence of the initial rate of reaction on the 
pressure of ethyl alcohol was found and fractional-order behaviour 
was observed during the course of the reaction after the initial burst 
of activity. 
The essential feature of the reaction was that formation of the 
polymerised species, butane, terminated after the initial activity which 
was observed to be of a longer duration than that seen during reaction 
of methanol. 
The Arrheniui plots, from initial rates, for ethanol disappearance 
and ethane + ethylene and n-butane formation are shown in figure 4.6. 
FIGkE 4.7 
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The activation energies were calculated to be 35.0, 38.5 and 
39,3 KJoules/mole respectively. 
The formation of the hydrocarbon products at 313 °C is shown in 
figure 4.7. 	It can be seen that n-butane is almost completely formed 
during the initial burst of activity. 	Beyond this point the other 
hydrocarbons continue to be formed at a slower rate. 
Second Reaction on The Same Film 
The courses of two consecutive reactions on the same film at 
3420C is shown in figure 4.8. 	The initial rate of ethanol 
disappearance was 2.43%.nin.. 	The burst of hydrocarbon formation 
was absent in the second reaction although a substantial amount of 
carbon loss occurred initially. 	Considerably smaller amounts of 
n-butane were formed but a greater amount of diethyl ether was 
produced. 
Figure 4.9 shows the reaction of ethanol for 30 minutes at 313 ° C 
having an initial rate of 4.20%min. followed by a second reaction at 
the same temperature after 15 minutes evacuation at that temperature. 
The initial rate was then 2.33%in.'. 	Again substantial carbon loss 
at the beginning of the second reaction and absence of the initial 
burst of hydrocarbon formation was observed, together with formation 
of less n-butane and more diethyl ether. 
Reaction After Pretreatment With Water 
A freshly sintered titanium film was treated with 13.3 mm.Hg. of 
water for 30 minutes at 313 ° C. The system was then evacuated for 
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admitted. The resulting reaction, shown in figure 4.9, had an initial 
rate of ethanol disappearance of 2.356in.1, which was the same as 
that for a second reaction on the same film after 30 minutes of the 
first reaction. The product distributions were also similar. 
(iv) Reaction In The Presence of Hydrogen 
The reaction of ethyl alcohol and hydrogen at 313 °C for 
H2/C2H5OH ratios of 1.11 and 2.46 is shown in figure 4.10. 	The 
initial rates of ethanol disappearance were 5.53 and 6 . 00%m.in.. 
The same products as in the ethanol reaction were found but in 
different amounts. More ethane with less carbon loss and n-butane 
was observed. 
The formation of the hydrocarbon products at 313 °C for 
H2/C2H5OH ratio of 1.11 is shown in figure 4.11. 	Less n-butane 
and more ethane were formed. A slightly larger amount of methane 
was also observed. Fractional order kinetics during ethanol/hydrogen 
reactions was observed after the initial burst of activity. 
4.5 Summary 
The reaction of ethyl alcohol on evaporated titanium films was 
investigated in the temperature range 254 0  to 342 0 C. 	The gaseous 
products of the reaction were methane, ethane, ethylene, propane, 
propylene, n-butane and di-ethyl ether. 	A very small (ii%) of 
carbon monoxide was also found. 	Considerable carbon loss occurred 
and was not returned to the gas phase as hydrocarbons on the admission 
of hydrogen at the reaction temperature. 	The activation energies, as 
measured from initial rates, for ethanol disappearance and ethane + 
MEEM 
ethylene and n-butane formation were 35.0, 38.5 and 39.3 KJoules/mole 
respectively. 
After the ethanol had oompletuly reaoted, the diethyl ether was 
observed to slowly react. 	In faster reactions, less carbon was lost 
from the gas phase and nore ethane + ethylene and n-butane formed. 
Most of the n-butane was formed during the initial burst of activity, 
which was lorger than that observed in the methanol reaction, but 
ethane - ethylene and di-ethyl ether continued to be formed at a slower 
rate beyond this point. 
A zero-order dependence of the initial rate of reaction on the 
pressure of ethyl alcohol was found and fractional-order behaviour was 
observed during the course of the reaction after the initial burst of 
activity. 
Second reactions on the same film and reactions on water pro-
troatcd films at the same irperature resulted in a substantialloss 
of the initial activity and exhibited similar initial rates of ethanol 
disappearance. In both cases less n-butane and more diethyl ether 
was observed. The amount of n-butane formed and the rate of ethane 
+ ethylene formation were the same as that on a clean film after the 
initial burst of activity. 
In the presence of hydrogen the same products were formed in 
amounts dependent on the rate of reaction. 	The rate increased with 
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The Reaction of Djniethyl Ether 
The apparatus, oonsitirig of the high vacuum gas-handling system, 
reaction vessel and sampling s',rsteni was the same as that used for the 
methanol studies and is described in detail in chapter III. 
5.1 Gas Chron1atorap1%y Sxstern 
The chromatography system for the reaction of diniethyl ether 
it 
consisted of two * OD. stainless steel chromatography columns in 
series: a 5- 1- Porpak Q. column at 72 0C was followed by a 2 
Carbowax 1540 column at room temperature. 	The detection system was the 
same as used for methanol studies. 
The flow of nitrogen carrier gas, hydrogen and air was 
26 ml.min., 30 nil,min. 	and 500 ml-min, 	respectively. 	This 
system enabled methane, ethylene, ethane, propylene, propane and 
dimethyl ether to be separated in 13 minutes and sampling of the reaction 
mixture to be carried out every 15 minutes. Figure 5.1 shows a 
typical trace illustrating the separation of these species. 
5,2 Seisitivities 
The absolute sensitivity (see figure 5.2) of the chromatographic 
system for the reactant and products was determined in an analogous 
manner to that described for the methanol system (see section 3.2). 
The relative sensitivities were now expressed in terms of d.imethyl 
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5.3 Exp erimental Procedure 
The experimental procedure was similar to that used in the study 
of the reaction of methyl alcohol and is described in detail in 
section 3.3. 	The reaction was studied at different temperatures 
and in the presence of hydrogen. A computer program for the 
calculation of the percentage composition from a knowledge of the 
peak counts and their respective sensitivities is shown in Appendix I. 
5.4 Results 
Reaction of Dimethyl Ether 
Figure 5,3 shows the general course of the reaobion of dimethyl 
ether at temperatures of 4000  and 460°C. 	The initial rates of 
dixuethyl other disappearance were 1.33 and 1.63zniri.. 	The gaeous 
products of the reaction were methane, ethylene, ethane, propylene and 
propane. More ethylene than ethane was formed. 	The total amount of 
propylene + propane was always <1% and has not been plotted. 	Carbon 
loss occurred and is shown on the graph as IC 2 t formation. 
The Arrhenius plots, from initial rates, for dimethyl ether 
disappearance and methane formation are shown in figure 5.4. 	The 
activation energies were calculated to be 13.9 and 15.5 KJoules/mole 
respectively. 
Reaction In The Presence of Hydrogen 
The reaction of dimethyl ether and hydrogen at 400 ° C for a 
H2/CH3 OCH3 ratio of 1.93 is shown in figure 5.5. 	The initial rate 
of disappearance of dimethyl ether was 1.42%6in., which was 
similar to that for dimethyl ether in the absence of hydrogen at the 
same temperature. 	The products were methane, ethylene, ethane and 
carbon loss. 	Slightly leis ethylene and ethane was found but the 
carbon loss was considerably reduced with correspondingly more 
methane being formed. 
5.5 Summary 
The reaction of dimethyl ether on evaporated titanium films was 
investigated in the temperature range 4000  to  46000.  The gaseous 
products of the reaction were methane, ethylene, ethane and small 
amounts (always <1%) of propylene and propane. 	Carbon loss occurred 
continuously throughout the reaction. 	The activation energies, as 
measured from the initial rates, for dimethyl ether disappearance and 
methane formation were 13.9 and 13.5KJoules/inole respectively. 
In the presence of hydrogen a similar rate of disappearance of 
dimothyl ether to that in the absence of hydrogen at the same 
temperature was observed. A greater amount of methane, slightly 
less ethylene and ethane and a considerable reduction in carbon loss 
was observed. 
Chapter VI 
The Reaction of Diothyl Ether 
The apparatus, conaising of the high vacuum gas-handling system, 
reaction vessel and sampli:ig system was the same as that used for 
methanol studies and is described in detail in chapter III. 
6.1 ",is Chromatograpb,y System 
The raotion of diethyl ether was studied using the same 
chromatography systems and conditions employed in the investigation of 
the ethanol reaction (see section 4.1). 
6.2 Sensitivities 
The absolute sensitivities of reactant and products were the 
same as for the ethanol system (so figures 4.1 and 4.2), but 
relative sensitivities were now expressed in terms of diethyl ether. 
The carbon balance was calculated in the same way as described for 
methanol (see section 3.2). 
6.3 Experimental Procedure 
The experimental procedure was similar to that used for the 
study of the reaction of methyl alcohol and is described in detail 
in section 3.3. 	The reaction was studied at different temperatures 
and in the prosonoc of hydrogen. A computer program for the 
calculation of the percentage composition from a knowledge of the peak 
counts and their respective sensitivities is shown in Appendix I. 
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6.4 Results 
(i) 	oton of Diethyl Ether 
Figure 6.1 shows the 	fleia1 ours. of the reaction of diethyl 
other at temperatures of 33 
0 
and 355 0 C. 	Tho initial rates of diethyl 
ether disappearance wer 1.73 and 2.50%m1n 0 1 respectively. 	The 
gasoous products of the reaction wore methane, ethane, ethylene, 
propant., prpyleno and n-buano. No butenes were found thus 
contrasting with the formation of ethylene from dimethyl ether. 	Carbon 
loss occurred and is shown on the graph as 'C 4 ' formation. 	The total 
of methane, ethane, ethylene, propane and propylene was plotted. 
Using the Squalane on Alumina H chromatography column at the end of a 
run enabled the proportions of these products to be calculated. 	It 
was found that 30% of the other was converted to ethane, 24% to 
feet after 5% to butane and 6% to methane + propane + propylene. 	Carbon 
loss amounted to 255 of the initial diethyl other pressure and there 
was 10a unreacted other still present. 
The Arrhenius plots, from initial rates, for diethyl ether dis-
appearance and methane + ethane + ethylene + propane + propylene and 
carbon loss formation are shown in figure 6,2. 	The activation energies 
were calculated to be 30.0 1 27.1 and 29.0 KJoules/mole. 
(±i) Reaction In The Presence of Hydrogen  
The reaction of diethyl ether and hydrogen at 355 °C for a 
H2/C2H5002H5 ratio of 1.34 is shown in figure 6.3. 	The initial rate 
of disaearance of diothyl ether was 3.75nin 	which was slightly 
faster than that for diothyl ether in the absence of hydrogen at the 
S . 
same temperature. 	The same product vruro observed but less carbon 
loss oocurrecl with e. corresponding incroee in the amounts of the 
gaseous products. 
6.5 Summary 
The reaction of diethyl ether on evaporated titanium films was 
investigated in the temperature range 315° to 395° C. 	The gaseous 
products of the reaction were methane, ethane, ethylene, propane, 
propylene and n-butane. The total amount of methane, propane and 
propylene was 	6% at the end of the reaction. 	Carbon loss occurred 
continuously throughout the reaction. 	The activation energies, as 
measured from the initial rates, for diethyl ether disappearance and 
methane + ethane + ethylene + propane + propylene and carbon loss 
formation were 30.0, 27.1 and 29.0 KJoules/inole respectively. 
In the presence of hydrogen a slightly faster rate of disappearance 
of diethyl ether to that in the absence of hydrogen at the same 
temperature was observed. 	Greater amounts of the same gaseous 
products and less carbon loss was found. 
Part III 
Discussion 
(A) Reaction of Alcohols 
The following characteristics of the reactions of 
methyl alcohol and of ethyl alcohol on evaporated titanium 
films are discussed in detail and an outline of the possible 
reaction paths proposed. 
(i) 	The nature of the chemisorbed species. 
The zero-order dependence of the initial rate 
of reaction on the initial pressure of the 
alcohol and the apparent fractional-order behaviour 
during the course of the reaction. 
The considerable carbon loss which was not 
returned to the gas phase as hydrocarbon 
species on the subsequent admission of hydrogen, 
and the loss of almost all the oxygen from the 
gas phase (only 3-4% of the alcohol vas converted 
into gaseous oxygen-containing products). 
The considerable range of gaseous products 
formed and the fact that nearly all the 
polymerised species was produced during the 
initial fast stage of the reaction on a clean 
film. 
The absence of t.e initial burst of activity 
resulting in formation of very little polymerised 
species and more ether during either a second 
-92- 
reaction on the same film or a reaction on a 
film pre-treated with water. 
The effect of hydrogen on the rate of reaction 
and distribution of the products. 
The activation energies for the disappearance 
of the reactant and formation of the products. 
(i) Reaction of Methyl Alcohol 
Anderson and McConkey (63)  found, when investigating the 
low pressure reactions of methyl chloride and of methylene 
chloride over titanium, that C-Cl bond rupture occurred and 
virtually none of the chlorine was returned to the gas 
phase. 	Adsorption by rupture of a C-Cl rather than a 
C-H bond was likely in view of the bond energies, 
319 kJoules/mole for C-Cl and 1+12 kJoules/mole for C-H, 
and this was verified by the lack of isotopic scrambling 
between 13C- and 35C1-labelled methyl chloride. 
There was a similarity between the reactions of methyl 
alcohol and of ethyl alcohol and those of methyl chloride 
and of methylene chloride in that virtually none of the 
oxygen in the alcohol was returned to the gas phase with 
the former reactants and none of the chlorine with the latter. 
However a difference is that alcohols contain three different 
-93- 
types of bond, viz., C-H, C-0 and 0-H. 	The bond energy 
values of these various bonds in methyl alcohol are C-0 
(382 kJoules/mole), C-H (2+12 kJoules/mole) and C-H 
(2+28 kJoules/mole). 	For an understanding of the manner 
of formation of the products, it is necessary to ascertain 
the mode of chemisorption of the alcohol molecules on 
titanium films. 
It is generally accepted (54)  that it is the hydroxyl 
hydrogen in CH 3OH that exchanges first with D on the 
transition and noble metals. 	Yasumori et al 
investigating the decomposition of methanol on nickel and 
McKee 	investigating the decomposition of deuterated 
methanol over evaporated films of platinum and ruthenium 
proposed mechanisms that involved the cleavage of the 0-H 
bond to give CH3O surface species. 
CH3OH(g) 	) CH3O(a) + H(a) 
Roberts and Stewart (82+) , however, found that CH 2+ 
and H2 were the only products desorbed up to 273 K when 
C}50D was chemisorbed on a nickel film at r'J 220 ' K and 
the film warmed to 295 K. 	This result indicated that 
C-0 bond cleavage occurred at low temperature, with the 
-94 
-OH remaining intact in the chemisorbed state 
CH3OH(g) 	) CH(a) + OH(a) 
As the temperature of the nickel was increased, 
cleavage of the C-H and then 0-H bond occurred and H 2 0 
was desorbed; a result which was compatible with the general 
trend in bond energy values of the various bonds in methanol. 
From preliminiry data with golc filaments at high 
temperature, Hardy and Roberts (85) found that the major 
initial product from the decomposition of CH3OD was H2 and 
HCDO which indicated that dehydrogenation occurred by 
cleavage of the carbon-hydrogen bonds leading to desorption 
of hydrogen. 	Hence the main reaction was methanol 
dehydrogenation 
CH3OH(g) 	>CH3OH(a) 	>HCHO(g) + H2 (g) 
Leith et. 	 using mixtures of methanol and 
perdeuteromethanol and of 13C- and 	0-enriched methanol, 
demonstrated that in the temperature range 120 °-150° C, 
reaction on a clean titanium film involved cleavage of 
the 0-H bond only and formation of Ti(0CH3 ) according to 
the equation 
Ti + 1+CH3OH 	> Ti(0CH3 ) 	+ 2H2 
Hydrogen was not detected at this temperature. 	This 
observation is explained by the demonstrated ability of 
MGM 
titanium to absorb large quantities of hydrogen to an 
extent corresponding to 1.9 atoms of hydrogen for each 
atom of titanium. 
The Ti-O bond is very strong and in the region of 
672 kJoules/mole. 	Ti-O-C bonds are also well known and 
the compounds are called alkoxides. 	The titanium alkoxides 
have been much studied and are generally typical of many 
other transition metal oxides, such as those of Hf, Ce, 
V, Nb, Fe and U. 	Titanium alkoxide can be prepared 
from the chloride by solvation and/or partial hydrolysis 
with alcohols in the presence of a base such as arnmcnia, 
pyridine etc. according to the equation 
TiClk + 1+POH + I+NH3 	) Ti(OR) + )+NH4C1 
The titanium alkoxides are liquids or solids which can be 
distilled or sublimed. 	Leith et. al. 	 observed that 
the white crystalline product Ti(OCH3)k  sublimed readily 
to the cooler regions of the reaction vessel. 	The most 
important structural feature is that although monomeric 
species can in certain cases exist, especially in very dilute 
sciutiort, the compounds are in general polymers. 	Solid 
Ti(OC2H5 ) was found(82)  to be a tetramer. This compact 
structure allows each titanium atom to attain octahedral 
coordination. 
The reactions of methyl alcohol and of ethyl alcohol 
were, however, investigated at considerably higher temperatures 
in the range 245 
0 
to 360 
C'C, which resulted in the formation of 
a range of gaseous products together with considerable carbon 
loss and loss of virtually all the oxygen from the gas phase 
(only 3-49W ,  of the alcohol was converted to gaseous oxygen-
containing products). 	Clearly, s:nce 	96% of the oxygen 
in the alcohol has remained on the surface of the film, 
the J-0 bond in the alcohol is also broken on adsorption at 
these higher temperatures. 
The activation energy for the reaction 
Ti + 4CH3OH 	)Ti(OCH3 ) 4 + 2H2 
must be lower than that for C-0 cleavage. 	The situation may 




The result is that at higher temperatures, C-C cleavage 
becomes faster than 0-H cleavage. 	At lower temperatures, 
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0-H cleavage is faster which accounts for the observations 
of Leith et. 	at temperatures in the range 1200  to 
1500 C. 	The lower temperature reaction can be considered 
is occurring via the two-stage process 
Ti + 4CH3OH 	) Ti(0CH3 ) + LfH 
Li.H + 2Ti 	> 2 T i H 
At the higher temperatures use, in this work, reaction, 
resulting in C-0 bond rupture, proceeds at a faster rate 
than that involving 0-H cleavage. 	It is postulated that 
the nature of the initial chemisorbed species is given by 
the equation 
CH0H(g) 	> CH3 (a) + 0(a) + H(a) 
This is, however, probably an overall picture of the two-
stage process 
Ti + CH3OH(g) 	)Ti CH  + OH(a) 
Ti + OH(a) 	)0(Ti) + H(a) 
Anderson and McConkey (63)  observed that the hydro-
genolysis of methyl chloride was first-order in both methyl 
chloride and hydrogen from the beginning of the reaction. 
In contrast, in this work, an initial burst of activity was 
observed giving a zero-order dependence of the initial rate 
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of reaction on the initial pressure of the alcohol and was 
then followed by an apparent fractional-order behaviour 
during the remainder of the reaction. 	This is evidence 
that one or more species is inhibiting the reaction. 	This 
conclusion can be reached from a consideration of simple 
Langniuir adsorption. 	The Langmuir adz'orption isotherm 
is an equaon which relates the .aunt of gas adsorbed on 
a surface to the pressure of that gas at constant 
temperature. 	The derivation of the isotherm is based on 
the following assumptions, 
Adsorption occurs at fixed sites. 
There is a constant heat of adsorption. 
There is no interaction between species on the surface. 
Only a monolayer is formed on the surface. 
These assumptions are seldom valid, but they lead to a 
simple equation which is used to interpret the kinetics, 
= 	aP 
1 + aP 
whereb is the fraction of the surface covered by the 
adsorbed molecules. 	When 	is small, then aP(( 1 and IOiT 
4hen'b is large, then 1 /,<, aP and b cS-P • 	The adsorption 
isotherm can be applied to monomolecular reactions. 	The 
rate of a reaction is proportional to the concentration of 
adsorbed species. 
IME 
Hence, Rate = 
Assuming that there is tic adsorption of products, the 
adsorption isotherm can be considered in three ways. 
Adsorption of Reactant is StroEZ  
Strong adsorption means that the coverage is large, 
in which case b 	> 1 and is independent of pressure. 
Hence the r ;e of the reaction is ::idependent of pressure 
and zero-order kinetics will be observed. 
Intermediate Degree of Adsorption 
In this case, the raterLP where 0(n<1 
Adsorption of Reactant is Slight 
Slight adsorption means that the coverage is small, 
in which case 0 	. 	The rate of the reaction is then 
proportional to the pressure and first-order kinetics 
will be observed. 
Initial cleavage of the C-O and 0-H bonds results in 
oxygen adsorbed on the clean titanium film at the beginning 
of the reaction with formation of very strong Pi-0 bonds. 
This is a case of strong adsorption resulting in the observed 
zero-order dependence of the initial reaction rate on the 
initial pressure of the alcohol. 	During the course of a 
reaction various hydrocarbons were desorbed and virtually all 
the oxygen and some carbon was incorporated into the metal. 
Hence as the reaction proceeds, the alcohol molecules are 
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chemisorbed on to a progressively more oxidised, carbided 
and probably hydrided surface. 	Adsorption of alcohol 
molecules on to this type of surface is not as strong as 
that on the clean film, and hence a continuous change in 
the nature of the surface is occurring resulting in the 
observed change in the reaction order d'ring the course 
of a run. 
On freshly evaporated titanium films in thL temperature 
range 2+5
0 
 to 36000,  the gaseous products frcm the reaction 
of methanol were methane, ethane, propane (always <is) and 
dimethyl ether + carbon monoxide (total 3_45). 	The main 
features of this reaction were a tendency for carbon-carbon 
bond formation, loss of a substantial amount of carbon to 
the surface, loss of nearly all the oxygen to the surface 
and formation of methane and ethane as the major gaseous 
products. 	It is clear from the range of products formed 
during a run that these reactions are extrenely complex. 
Anderson and McConkey (63) also observed the formation of 
methane and higher hydrocarbons in the reaction of methyl 
chloride and hydrogen over evaporated titanium films. 	In 
the reaction of methylene chloride, polymer was also formed 
and olefins were the main C2 and C3 products. 	As in the 
work of Anderson and McConkey these desorption products 
showed that both C and C 2 residues existed on the surface 
-1cl- 
as a result of methanol adsorption. 
Roberts and Stewart 	also observed some carbon-carbon 
bond formation at room temperature in the reaction of methanol 
on gold filaments. 
It is proposed, in order to account for the observed 
products of the reaction of methanol on titaniul:1, the follow-
ing sequencu of dissociative event6 occur 
Ti + CH3OH(g) 	> T1.CH3 + OH(a) 
OH(a) 	 ) O(Ti) + H(a) 
CH3 (a) 	 ) CH2 (a) + H(a) 
CH 
2 (a)
) CH(a) + H(a) 
CH(a) 	 ) C(a) + H(a) 
C(a) 	 ) C incorporated into the titanium film. 
Roberts and Stewart 
(84)  proposed a similar scheme when 
suggesting that methane, desorbed below 0
0 
 C, formed only 
when CH  or CH  surface species were present; and at 22 °C 
and above the predominant species were CH(a) or C. 
It is suggested by us, as did Roberts and Stewart 
(84) 
that in view of the fact that some CHD was formed in the 
reaction of CH 3OH and D over titanium and the fact that 
greater quantities of methane were produced in the presence 
of hydrogen, that the mode of methane formation is probably 
0H3 (a) + H(a) 	) CH4(g) 
The origin of the hydrogen surface species required 
for this reaction to occur in the absence of hydrogen gas 
is debatable. 	The reaction can be considered as 
occurring in several ways. 	It is possible that adsorbed 
hydrogen from the initial two-stage chemisorption process 
Ti + CH3OH(g) 	) Ti-CH 3 + OH(n) 
Ti + OH(a) 	>0(Ti) + i(a) 
could be effective for methane formation. 
Alternatively it is possible that the methane was 
formed by interaction of adsorbed CH  species and surface 
hydroxyl species 
CH3 (a) + 01(a) 	> 0(a) + CH() 
with oxygen becoming incorporated into the titanium. 
A third route is for the adsorbed hydrogen, resulting 
from the successive dehydrogenation of the adsorbed CH  
species, to be responsible 
CH3 (a) 	) CH2 (a) + H(a) 
CH3 (a) + H(a) 	> CH(g) 
This is in contrast to Anderson and McConkey's (63)  
scheme which accounted for the fact that in low pressure 
experiments the desorption product was insensitive to treat-
ment with hydrogen. 	From this observation they concluded 
that surface hydrogen, formed by adsorption of gas-phase 
hydrogen, was not directly involved in hydrocarbon desorption 
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id that therefore this probably occurred by interresidue 
hydrogen transfer. In the absence of gas-phase hydrogen 
they formulated the overall course of the primary methane 
forming process in low pressure reactions as 
2CH3 (a) 	> CH1 (g) + CH2 (a) 
However, they did propose in reactions o' ct.iyl 
chloride on titanium at higher pressures, in view of the 
hydrogenolysis being first-order in both methyl chloride 
and hydrogen that the dominant methane forming process was 
H 
C}5C1(g) 	)CH3 (a) + Cl(a) 	
2 
	CH + HC1(g) 
There are similarities between titanium, nicKel at 
low temperature and ruthenium which is considered to be 
a good 'methanation" catalyst. 	McKee 	showed that 
the major initial product from the decomposition of 
CH3OD over ruthenium at 87°C was CH. 	The decomposition 
of methanol on ruthenium was found to occur by the follow-
ing mechanism 
CI5OH(g) 	)CH 3O(a) + H(a) 
CH3O(a) + H(a) 	)CH2 (a) + H20(g) 
CH2 (a) + 2H(a) 	)CH(g) 
On the other hand platinum and cobalt give mainly CO 
and H 2 
	
os 	i: 	 1a 	w. cee 55 
proposed the scheme 
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CH3OH(g) 	) CH3O(a) + H(a) 
CH3O(a) + H(a) 	) CHO(a) + H 2 (g) 
C}j20(a) 	> CHOW + H(a) 
CHOW 	) CO(a) + H(a) 
CO(a) 	) CO(g) 
2H() 	- H(g) 
It is proposed that on titanium the gaseous products, 
viz., methane, ethane, propane (always < i%), traces of 
ethylene and propylene, and dimethyl ether + carbon 
monoxide (total 3_40, were formed by interaction of the 
various adsorbed species 	in the manner shown below. 	The 
desorption of some dimethyl ether and carbon monoxide 
indicated the presence of trace amounts of CH 3O and CO 
surface species. 
CH3 (a) + H(a) 	)CH(g) 
CH3 (a) + CH3 (a) 	)C2H6 (g) 
CH2 (a) + CH2 (a) 	)C2H(g) 
CH3 (a) + C15(a) + CH2 (a) 	>C3H8 (g) 
CH2 (a) + CH2 (a) + CH2 (a) 	)C3H6 (g) 
CH3O(a) + CH3 (a) 	) CH3OCH3 (g) 
CO(a) 	> CO(g) 
Anderson and McConkey (63)  , in low pressure reactions, 
suggested that surface C 2 residues were formed in the reaction 
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of methyl chloride in the manner 
CH3 (a) + CH3C1 	) C2H5 (a) + Cl(a) 
with subsequent desorption of 02  hydrocarbons probably 
proceeding as 
2C2H5 (a) 	) CH(g) + C2H6 (g) 
since added hydrogen was found to be without effect on the 
product distribution and moreover, ethylene was an important 
C2 product. 	Ethylene, however, was found not to be an 
important product from the reaction of methanol on 
titanium, and this mode of 02  hydrocarbon formation was 
ccnsidered not to be occurring. 
The scheme we propose for the desorption of products 
accounts for the very small amounts of dimethyl ether + 
carbon monoxide, ethylene, propane and propylene formed. 
Since the Ti-0 bond is so strong, retention of the C-0 
bond is virtually impossible. 	The very small quantities of 
ethylene, propane and propylene desorbed illustrate the 
virtual absence of CH  and CH surface species. 
It was during the initial burst of activity that almost 
all the ethane was formed. 	This was probably due to the fast 
formation of CH  surface species during this initial burst 
of reaction resulting in a close proximity (and hence high 
concentration) of CH  groups. 	CH  species were thus formed 
rapidly due to the fast initial 0-H and C-a bond rupture 
which was a characteristic of a clean titanium fiLa. 	It 
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is probable that two CH  groups attached to the same titanium 
atom are required for ethane formation 
(CH 	CH 
' 	3 3, 
- - 
	) C 2 H 
 6 
Ti 
As the reaction continued, the clean metal surface 
became progressively more oxidised resulting in rupture of 
the bonds in CH3OH and hence formation of CH  surface 
species occurring more slowly with a consequent decrease 
in their concentration and subsequent loss of self-
combination. 
It is probable that these later stages of the methanol 
reaction can be pictured as 
CH  
OH3 H 	 +0114 
0 	0 0 	0 	>0 	 0 	)O 	0 	0 	0 
Ti Ti Ti Ti 	Ti Ti Ti Ti 	Ti Ti Ti Ti 
0 	 0 
Hence the rate of formation of methane would probably 
be determined by the rate of oxygen diffusion into the 
titanium film. 	This theory is developed in detail in 
Section (0) of this discussion. 	This idea would require 
that after the initial burst of activity a large proportion 
of the surface was covered with oxygen. 	Calculation has 
2 shown (see p. 71), assuming 1 x 10 15  Ti atoms per cm of 
film surface(71), that at the end of a reaction there is 
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enough oxygen in the system to give approximately a one 
hundred fold coverage of the surface; while after the initial 
burst of activity, when, depending on the temperature of 
reaction, between 1+05k and 60% of the methanol had reacted, 
there was approximately a forty to sixty fold coverage. 
Hence (a this basis, after the initial burst of activity, 
the situation where there would be two CH  groups on the 
same titanium atom could not arise. 	The CH  species ,;ould 
be linked to titanium via oxygen with the observed result 
of no ethane formation. 
After the methanol had completely reacted, dimethyl 
ether formed during reaction slowly reacted. 	Roberts and 
Stewart 	also observed a similar occurrence in the 
reaction of methanol over gold. 	In that reaction, formaldehyde 
formed was observed to decompose after the methanol had 
completely reacted, according to the equation 
HCHO(g) 	) HCHO(a) 	) H2 (g) + C0(g) 
Due to only very small quantities of dimethyl ether formed, 
it was not possible to identify the products resulting from 
its subsequent decomposition. 	The dimethyl ether reacting 
after the methanol had completely reacted suggested that 
methanol is more strongly adsorbed than dimethyl ether over 
titanium. 	This is an important point when considering the 
mechanisxi of formation of the products of the reaction of 
dimethyl ethdr on titanium film. 
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I second reaction on the same film and reactions on 
films pre-treated with water showed a lack of initial burst 
of activity and formation of very little polymerised 
species, ethane. 	In these reactions, and also in lower 
temperature reactions on a "clean" film, more carbon was 
observed to be lost to the surface, due to the CH  species 
remaining on the surface for longer periods and being quickly 
dehydrogenated to C which was incorporated into the film. 
Leith et. al. 	 reported that when methanol vapour 
containing 5% water contacted a freshly evaporated titanium 
film at reaction temperatures up to 200 °C, no formation of 
titanium methoxide was observed and mass spectral analysis 
of the reaction mixture at this temperature indicated that 
no change in the methanol had taken place. 	This was in 
agreement with the results of this work when the reaction 
of methanol was observed to be much slower on water pro- 
treated films. 	The chemisorption of water on titanium 
films would result in a surface similar to that after an 
alcohol reaction had been completed except that no carbon 
would be incorporated 
H20(g) 	) 0(a) + 2H(a) 
The rate of reaction was now governed by the rate of 
oxygen diffusion into the film from the beginning of the 
reaction (see section (C) of this discussion). 	CH  
surface species were not formed at a fast enough rate to 
give a high enough concentration (i.e. close proximity) 
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with the result that formation of only very small quantities 
of ethane was observed during the course of tae reaction. 
Hence the initial burst of activity with formation of 
ethane can be considered a measure of the purity of the 
titanium film. 
Formation of slightly more dimethyl ether during either 
a second reaction on the same film or reaction on water pre-
treated films was observed, indicating the existence of more 
CH3O surface species. 
In the presence of hydrogen, the reaction of methanol 
proceeded at a faster rate at the same temperature with 
formation of more methane and less ethane and carbon loss. 
The formation of more methane can be considered as probably 
due to the greater concentration of H surface species 
resulting in an increased importance of the reaction 
	
CH3 (a) + H(a) 	) CH() 
coupled with a simultaneous decrease in the tendency for 





) C2H6 (g) 
Ti 
to occur even though the rate of the reaction increased. 
A reduction in carbon loss to the surface was observed due 
to the reaction proceeding at a faster rate in the presence 
of hydrogen. 	Reactions proceeding at a faster rate were 
observed to result in less carbon loss to the surface because 
the CH  surface species did not remain on the surface long 
enough for dehydrogenation to surface carbon incorporated 
in the film to occur. 
The activation energies for methanol disappearance 
(29.0 KJoules/mole) and methane, ethane and 'carbon loss' 
formation (61.1, 49.5 and 2.7 KJoules/mole respectively) are 
small. 	Their absolute values are probably meaningless 
because although the freshly evaporated film was sintered for 
10 minutes each time to ensure a constant surface area, the 
carbon and oxygen loss over the first 10 minutes of a reaction 
when initial rates were measured, varied for different 
temperatures and hence it was not possible to define the 
surface responsible for the reaction. 	It would not matter 
over what interval of time initial rates were measured 
because the situation would never arise when the surface 
was the same at different temperatures. 	Possibly all that 
can be said regarding the absolute values of the activation 
energies is that they are all different. 
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(2) Reaction of Ethyl Alcohol 
The reaction of ethyl alcohol on evaporated titanium 
films was investigated in the temperature range 25+0 to 
342
0
C and showed the same features as those observed during 
the reaction of methyl alcohol. 	The major gaseous products 
of the reaction were ethane and n-butane with minor amounts 
of ethylene. 	Small quantities of methane, propane, propylene, 
diethyl ether and about 1% carbon monoxide were also formed. 
Substantial carbon loss occurred during the reaction and virtually 
all the oxygen in the alcohol disappeared from the gas phase. 
It is postulated that in this reaction the nature of the 
initial chemisorbed species is given by the equation 
C2H5OH(g) 	> CH5 (a) + 0(a) + H(a) 
This is again probably an overall picture of the two-stage 
process 
Ti + C2H5OH(g) 	) Ti.C2H5 + OH(a) 
Ti + OH(a) 	> 0(Ti) + H(a) 
The loss of carbon to the film surface probably occurred 
according to the scheme 
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C2H5 (a) 	) 	+ H(a) 
C2H4 (a) 	> C2H3 (a) + H(a) 
C2H3 (a) 	0 C2H(a) + H(a) 
C2H2 (a) 	) C 
2 
 H (a) + H(a) 
C 2 H (a) 	> C2 (a) + H(a) 
(a) 	> C2 incorporated into the film. 
The greater amount of ethane formed during a reaction, at the same 
temperature, in the presence of hydrogen indicates that the mode 
of formation is probably 
C2H5 (a) + H(a) 	 > CH6 (g) 
Again there is uncertainty as to the origin of the hydrogen 
required for ethane formation in the absence of hydrogen gas. 	It 
is possible that adsorbed hydrogen from the initial two-stage 
chemisorption process 
Ti + C2H5CH(g) 	> Ti C 2 H 
5 
+ OH(a) 
Ti + OH(a) 	) O(Ti) + H(a) 
was effective for ethane formation. 
It is possible, however, that the ethane was formed by 
interaction of adsorbed C 
2  H 5 
 species and surface hydroxyl species 
according to the equation 
C2H5 (a) + 011(a) 	 > C2H6 (g) + 0(a) 
with the oxygen becoming incorporated into the titanium. 
A third alternative would be for the adsorbed hydrogen, resulting 
from the successive dehydrogenation of the adsorbed 0 2H5 species, to 
be responsible 
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C2H5 (a) 	 ) CH(a) + H(a) 
C2H5 (a) + H(a) 	 > CH6 (g) 
It was durin, the initial burst of activity that almost all the 





 surface species during the initial burst of the reaction 









 species were thus formed rapidly due to the 
fast initial 0-H and C-0 bond rupture which was the characteristic 
of a clean titanium film. 




 groups attached to the same 
titanium atom are required for n-butane formation. 	This situation 
is highly feasible since alcohols are very strongly absorbed. 
N-butane formation would thus proceed according to the scheme 
(c2H5 
N—;14 	, n-CH10 (g) 
Ti 
As the reaction of ethyl alcohol continued, the "clean" 
metal surface became progressively more oxidised resulting in 





species occurring at a slower rate with a consequent decrease in 
their concentration and loss of self-combination. 
It is probable that, again, in these later stages of the 
reaction of ethyl alcohol, the rate of formation of ethane is 
governed by the rate of oxygen diffusion into the titanium film 
(see section (C) of this discussion). 
- ilk - 
1
2H5 
0 	0 	0 	O—+O 	of 	0 	0--> 0 	0 	0 	0+C2H6 
Ti Ti Ti Ti Ti Ti Ti Ti Ti Ti Ti Ti 
0 	 0 
Hence on this basis, after the initial burst of activity, the situation 
where there would be two C 2  H 5 
 groups on the same titanium atom would 
not arise and so formation of n-butane would cease as was observed. 
It is possible that ethylene formed according to the reaction 
C2H5(a) 	> CH(g) + H(a) 
Formation of small amounts of diethyl ether and carbon monoxide indicated 
the presence of trace amounts of 021150  and CO surface species 
C2H50(a) + C2H5(a) 	> C2H5002H5(g) 
CO(a) 	00(g) 
but the very fact that these were present in such small quantities 
illustrated the tendency for the strong Ti-O bond to remain intact. 
The trace amounts of methane, propane and propylene were 
probably formed due to the presence of small quantities of CH  
surface species. 	Since only a total of 1-2% of these products was 
found, their formation was not considered to be a major process. 
After the ethanol had completely reacted, the diethyl ether 
formed during reaction slowly reacted. 	However, because only 
very small quantities of diethyl ether formed it was not possible 
to identify the products resulting from its subsequent 
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decomposition. 	The fact that the diethyl ether reacted after the 
ethanol itself had completely reacted suggested that ethanol is more 
strongly adsorbed than diethyl ether over titanium. 	This is an 
important point when considering the mechanism of formation of 
the products of the reaction of diethyl ether on evaporated titanium 
films. 
A second reaction on the same film and reactions on films pre-
treated with water showed the same features as those of the reaction 
of methanol on titanium. 	There was a lack of initial burst of 
activity and formation of very little polymerised species, n-butane. 
In both cases the surface is heavily oxidised. 	The chemisorption 
of water can be represented as 
H 2 0 (g) 	) 2H (a) + 0 (a) 
and the surface would thus resemble the surface after an alcohol 
reaction had taken place except that there would be no carbon 
incorporated. 	The rate of reaction, in these circumstances, would 
be governed by the rate of oxygen diffusion into the film from the 
beginning of the reaction (see section (C) of this discussion). 
In the presence of hydrogen, the reaction of ethanol proceeded 
at a faster rate at the same temperature with formation of more 
ethane and less n-butane, ethylene and carbon loss. 	The formation 
of more ethane can he considered as due to the greater concentration 
of H surface species resulting in an increased importance of the 
reaction 
C 2  H 5 (a) + H (a) 	
)C2H6 (g) 
coupled with a simultaneous decrease in the tendency of the follcwing 
reactions to occur 
C2H5 (a) 	) CH(g) + H(a) 
and 
2C2H5(a) 	- n-CH 0 (g) 
Carbon loss was less because the presence of hydrogen facilitated 
formation and consequently reaction of the C 2 
 H 
5 
 surface species. 
Faster reaction of these C 2  H 5 
 surface species meant that they did not 
remain as long on the surface resulting in dehydrogenation of them 
to surface carbon incorporated in the film being less likely. 
For the same reason as was discussed in the reaction of methanol, 
the absolute values of the activation energies are probably meaningless. 
(3) Reaction of n-pr2pyl Alcohol 
The products of the reaction of n-propyl alcohol on a freshly 
evaporated titanium film at 3000C were identified. 	The major 
products of the reaction were methane, propane, ethylene, propylene, 
ethane and n-butane. 	The minor products were i-butane, 
trans-but-2-ene, cis-but-2-ene, butadiene, n-pentane and 
n-hexane. 	There were two other minor products which could not be 
identified. 	It could be expected, in the light of the results of 
the reactions of methyl alcohol and of ethyl alcohol on titanium, 
that the following chemisorptiori process would be most likely to 
occur 
C3H70H(g) 	) C3H7 (a) + 0(a) + H(a) 
This is is again probably an overall picture of the two-stage process 
Ti + C3H7OH(g) - 	) Ti.C3H7 + OH(a) 
Ti + OH(a) 	—> Q(Ti) + H(a) 
This would probably be followed by the sequence of dissociative events 
scveral dissociative 	 _____ 
C3H7(a) 	 > C
3 (a) + 7H(a) 	C3 incorporated 
steps 
Assuming, as was observed in both methyl alcohol and ethyl 
alcohol reactions, that the presence of gaseous hydrogen affected 
the product distribution, then the formation of propane could be 
considered as 
C3H7 (a) + H(a) 	) C3H8 (g) 
In the absence of hydrogen the origin of the surface hydrogen is 
unknown. 
It is possible that propylene formed according to the 
equation 
C3H7 (a) 	) C3H(g) + H(a) 
There may also be a simultaneous tendency for the bulky C 3 H 
 7 
surface species to break down into C 1 and C2 species which could 
account for the formation of methane, ethylene, ethane and butane. 
This breakdown and subsequent formation of these products can be 
considered in two ways 
CH3 	CH 	CH2 (a) 	 ) CH3(a) + C2Hk (a) 
then 
CH3 (a) + H(a) 	) CH(g) 
C2Hk(a) 	 C2H(g) 
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and 
CH  - CH 	CH 2 (a) > CH5 (a) + CH2 (a) 
then 
C2H5 (a) + H(a) 	) C2H6 (g) 
C2H5 (a) + C2H5 (a) 	) CH(g) 
There wouli also probably be a tendency for isoinerisation of 
the primary C 
3 H 7 
 surface species to the more stable secondary 
species 
CH 	 CH 	CH '3____ \/3 
CH 2 	isomerisation 	CH 
CH 
Ti 	 Ti 
Formation of i-butane couli then be considered as occurring 
in the manner 
CH 	 CH 
CH(a) + CH3(a) 	> )CH - CH 3 (g) 
CH 	 CH  
The other minor products, n-pentane and n-hexane coull be 
formed according tc the reactions 
n-.C3H7 (a) + C2H5 (a) 	n-05H(g) 
and 
2n-C3H7(a) 	> n-C6H(g) 
the latter from possibly two n-propyl groups on the same titanium atom. 
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The tendency for the reaction paths discussed to occur is reflected 
in the proportions of the various products formed. 
Clearly it is possible to account for the products of the 
reaction of n-propyl alcohol on titanium films by interaction of the 
various postulated surface species, but the reaction is much toe 
complicated for a definite assertion to be made concerning the exact 
mechanism of their formation. 
(B) Reaction of Ethers 
The mechanism of formation of the gaseous products and carbon 
and oxygen loss to the catalyst surface in the reactions of 
dimethyl ether and of diethyl ether are discussed. 
(1) Reaction ofDimethyl Ether 
The reaction of dithyl ether on titanium films was 




C. 	The gaseous 
products of the reaction were methane and small amounts of ethylene 
and ethane. 	Propane and propylene were found in such small 
quantities ( (Th) that they were considered not to be formed via a 
major process. 	Carbon loss was also observed to be occurring 
continually during the course of the reaction. 	f feature of this 
reaction with respect to the reaction of methyl alcohol was the 
less pronounced initial burst of activity and the higher reaction 
temperature require]. 	Clarke and Kemball 6 	investigating the 
exchange between diethyl ether and deuterium on evaporated films of 
platinum, nickel, tungsten, palladium iron and rhodium found that 
P4I 
multiple exchange was unable to propagate past the oxygen atom. 
These conditions of exchange were, however, not extended to 
conditions where products from the rupture of a C-0 bond would have 
been observed. 
han and Kemball 6 	investigating the reaction of diethyl 
ether and hydrogen on platinum in the temperature range 300  to 
100°C observed the formation of ethane and ethanol in equivalent 
quantities which indicated that platinum catalysed the fission of a 
single C-0 bond, while at higher temperatures ethane, methane and 
carbon monoxide were formed from the fission of a single C-0 and a 
single C-C bond. 
On nickel, ihan and Kemball 66 found that methane, ethane 
and carbon monoxide were formed in the temperature range 200
c 
 to 
2500 C from the reaction of diethyl ether and hydrogen. 	Nickel 
carbide was also found to be formed during the reaction and 
consequently it was not possible to define accurately the surface 
responsible for the reaction. 	The most striking difference 
between reaction on nickel and platinum was in the product 
distributions of the two metals. 	Reaction on platinum involved 
more extensive degradation of the ether molecules with fission of 
a single C-0 ond btb C-C bonds occurring. 
It is postulated that in the reaction of dimethyl ether on 
titanium in the temperature range 
400  
to 1+60°C, the surface was 
active for the fission of both C-0 bonds 
CH  -p'- 0 	C H 3 
This mode of bond rupture is the same as that postulated 
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by Iinai, !Jhan and Kemball(67) for the reaction of diethyl ether ni 
hydrogen on tungsten in the temperature range 2000 to 260 0 C which 
yielded ethane, ethylene, water and butenes as products. 	They observed 
also that di-n-propyl ether and hydrogen reacted on tungsten in the 
temperature range 160 ° to 250°C in a similar manner. 
Hence, on titanium, it is postulated that chemisorption of 
.iiznethyl ether molecules occurred in the following manner 
CH 
CH  
Ti + CH3OCH3(g) 	 ) 
Ti 	Ti 
Formation of the major product, methane, would then probably 




N 	 CH (g) 
Ti 	
(
Due to the aisorption of the ether being less strong than the 
corresponding alcohol (of. dimethyl ether formed in the reaction of 
methyl alcohol on titanium reacted after the alcohol had decomposed), 
the situation of two CH  groups on the same titanium atom woul1 not 





which was observed in the reaction of methyl alcohol does not occur 
in the reaction of dimethyl ether. 
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gain, as observed in the alcohol reactions, progressive 
oxidising an carbicuing of the surface was occurring. 	Carbiding 
occurred by successive dehydrogenation of the surface species 
CH3(a) 	 > 	
CH(a) + H(a) 
CH2 (a) 	 CH(a) + H(a) 
CH(a) 	
C(a) + H(a) 
0(a) 	 ) C incorporated into the film 
Imai et. al. 
(6?) observed on tungsten that there was a rapid 
initial disappearance of ether yielding ethane as the major product 
followed by a reaction which obeyed zero-order kinetics, the 
transition occurring after 20916 of the ether had reacted. 	f factor 
in this reaction was the high affinity of tungsten, like titanium, 
for oxygen leading to the formation of an oxidised surface and the 
nature of the subsequent catalysis was determined by the activity of 
this surface. 	They also found that second and subsequent reactions 
carried out on the same film did not show the same characteristics as 
the first reaction. 	The initial burst of activity was not found and 
zero-order kinetics was found from the beginning of the reaction. 
On titanium in the presence of hydrogen, a similar rate of 
reaction was observed with more methane and correspondingly less 
carbon loss. In the presence of hydrogen, the formation of the 





I + H(a) 	0(Ti) + CH4 (g) 
Ti 
Again, since the surface is continually changing in nature 
during the course of & reaction, the absolute values of the activation 
energies are probably not very meaningful. 
(2) Reaction of Diethyl Ether 
The reaction of diethyl ether on titanium was investigated in 




C. 	The main gaseous prcriucts 
were 30% ethane and 24% ethylene. 	about 5% n-butane and a total of 
6% of methane, propane and propylene were also formed. 	Ii. slightly 
faster initial burst of reaction than that in the reaction of dimethyl 
ether was observed, which was rrobably due to the slightly weaker 
C-0 bonds in the situation C-C-0. 	Carbon loss was also observed 
to be occurring continually throughout the reaction. 
Since methane, propane and propylene only formed in small 
amounts, it was concluded that titanium was net active for the 
fission of C-C bonds. 	Hence it is postulated that in the reaction 
of diethyl ether on titanium in the temperature range 3130 to 3950C, 
the surface was active for the fission of both 0-0 bonds in the same 
manner as occurred with dimethyl ether 
CH 	CH  / 0 / CH 	CH  
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(67) This mode of fission was postulated by Imai et. al. 	for 
reaction on tungsten. 	Whan and Kemball 66 compared the activities 
of various metals for the decomposition of liethyl ether. 	All the 
metals investigated were roughly divided into three groups with 
silver being the only exception having no catalytic activity. 
Group (1) consisted of those noble metals which did not readily form 
carbides or oxides, viz., platinum, palladium and gold. 	These all 
gave simple decomposition of the ether with the molecule breaking u 
as 
CH 	CH 	/ 0 	CH 	/ CH  
Platinum, however, was different in that it had a low temperature 
activity for a reaction of the type 
CH 	CH 	/ 0 	CH 	- CH  
Group (2) was composed of the metals nickel, iron and rhodium 
which all have good hydrocracking activity or undergo carbide 
formation. 	These produced the most destruction of the ether 
molecule 
CH 3 ,,' 	CH 2 	/ 0 	,' 	CH 2 	/ 	CH 3 
Bonds crossed by a solid line were broken in every molecule, while 
those crossed by a dotted line were broken only in some of the 
reacting molecules. 	Than and Kemball suggested that the tendency of 
these metals to form single carbon adsorbed species may, particularly 
for iron and nickel, be associated with the ability of the metal to 
form a carbid. 	However, loss of carbon to the surface occurred 
with titanium and yet methane did not appear in any significant 
-125- 
quantities. 	Group (3), to which we add 	titanium, contained 
tungsten, molybdenum and tantalum. 	None of these metals 
produced fission of any carbon-carbon bcnis so methane was never 
observed as a product of reaction. 	They found that dimerization 
and trimerizaticn of the ethylene to produce butenes and hexenes 
were observed in all cases but only a small percentage was foun:1 
even on tungsten which gave the highest yields. 
factor for titanium catalysing the fission of both C-O bonds 
must be the high affinity of the metal for oxygen which leads tc 
the formation of the oxidised surface. 	Continual carbon loss was 
also occurring which meant that the surface must be carbided as well. 
Hence the nature of the subsequent catalysis was determined by the 
activity of this surface which no longer exposed titanium atoms. 
Hence, on titanium, it is postulated that chemisorptiOn of 
diethyl ether molecules occurred in the following manner 
CH 





 H 5 
I I 
Ti 	Ti 
Formation of the major products of the reaction, ethane and 








	 C 2 H 
 6 + C 2  H 
Roughly equal amcunts of ethane and ethylene were observed. 
SIVIOT 
Due to the adsorption of diethyl ether being less strong than 




 groups on the same titanium atom would not 
be possible and thus the reaction, 




which was observed in the reaction of ethyl alcohol, does not occur 
in the reaction of diethyl ether to any great extent. 
Progressive oxidising and carbiding of the surface was again 
occurring. 	Carbiding probably occurred by successive dehydrogenation 





C2H5 (a) 	 C2H(a) + H(a) 
C211k(a) 	 CH3 (a) + 11(a) 
C2H3(a) 	
> 	
C2H(a) + H(a) 
C 
2 H 2  (a) 	 C2H(a) + H(a) 
C211(a) 	 C(a) + 11(a) 
C2 (a) 	 C2 incorporated into the film.
io 
In the presence of hydrogen the reaction was faster with more 
ethane and ethylene (in equal amounts) formed and less carbon loss. 
Due to the uncertainty of the nature of the surface during 
reactions, it was not possible to extract meaningful information from 
the absolute values of the activation energies. 
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(C) Considerations of Process Type 
To determine the type of process occurring in the reactions of 
the alcohols and ethers investigated in this work, it is necessary to 
discuss the statrnent that "as far as the disappearance of the alcohol 
(or ether) is concerned the rate limiting process may simply be 
oxidation of the titanium". 
The most imperant consideration is whether we are in fact 
dealing with reactions of methanol and ethanol with Ti (i.e. in effect 
simply an oxidation of Ti) rather than a truly catalytic process. 
Of course, as in the work of Anderson and McConkey, hydrocarbon 
residues and maybe OH groups would be interacting on the surface to 
give the various gaseous products, interactions which may have their 
own particular kinetics, but as far as the disappearance of the 
alcohol or ether is concerned the rate limiting process may simply 
be cxidaticn of the titanium. 	Thus, the disappearance of the 
methanol, for example, may follow one cf the same rate laws as have 
been established for the oxidation of metals. 
The parabolic law would require 'methanol consumed' versus 
J time' to be linear, the rate determining process being diffusion 
of oxygen through the surface oxide layer to the underlying metal. 
The logarithmic law involves plotting against 'log time' instead of 
[time' and the mechanism is connected with the cracking and 
"healing" of cracks in the oxide layer. 	It does not necessarily 
follow that the formation of the gaseous products should conform to 
the same laws, because the formation of, for example, CH from 
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It may also be that a parabolic or logarithmic law for the 
alcohol diappearae wouli not be established until after D few 
layers of oxide had been formed so that the diffusion process 
proper could establish itself. 	This implies that the initial burst 
of activity observed in the reactions may not follow such laws, but 
that a seccn:i run, or a run after pre-treatment with water, may follow 
such laws from the start. 
Figure 7.1 shows a plot of % composition versus f time for the 
reaction of methanol at temperatures of 21+9°C and 31+8 ° C 
(see figure 3.1+). 	In both cases the relationship for methanol 
consumed is linear at later stages in the reaction. 	However, when 
the linear relationship holds, only 26% methanol has been consumed 
at 21+9°C whereas 30 has been consumed in the reaction at 31+8 ° C. 
At the lower temperature the formation of methane and 'carbon less' 
is also linear at tho same later stage in the reaction, while at 
the higher temperature both are non-linear. 
Figure 7.2 illustrates the CH 3OH consumed during a second 
reaction on the same film at 31+8 0 C. 	In this case the plot of 
CH OH consumed versus [time is linear from the start of the reaction 
as also is CH 1+ formation and 'C' loss. 	Also shown in figure 7.2 is 
a logarithmic plot of the same reaction, for which, it can be seen, 
a linear relationship does not hold. 
Figure 7.3 shows the parabolic plot for a reaction of methanol 
on a clean titanium film at 335 ° C (see figure 3.9) and for a 
reaction at the same temperature after pre-treatment with water 














I 	2. 	3 	4 5 	6  
so 	
















£ 	6 	- 	' 	 II 	12. 	13 	J4- 













_EIGrURE + . 5 
IOU 
11 	J+ 
¶Ji% 	(1.% 114 U.TcS) ¼ 
Arrp. Ho TTMT 
100 
Ci 0 




I 	I 	I 	I 	I 	I 	I 	 I 	 I 	1 
cl. 10  
-me (3N y' 
-129- 
methanol consumed, carbon loss formation and methane formation and 
	
time bucjneS U 	r at later stages in the reaction. 	However, 
reaction on the film pre-treated with water revtals a linear relation-
ship from the beginning of the reaction. 
Figure 7.+ illustrates a plot of % composition versus 	time for 
the reaction of C,H 5OH on a clean titanium fi :n at a temperature of 
342° C (see figure .5) and a plot of a rec3nd reaction on the same 
film at the same temperature (see figure 4.8). 	On the clean film the 
C2H5OH consume] and formation of products are non-linear with respect 
to [time. 	However, in the second reaction a linear relaticnship 
for C2H5OH consumedI- 	from the start of the reaction. 	A linear 
relationship for the formation of the products (including carbon loss) 
is also observed to hold but not quite from commencement of the 
reaction. 	logarithmic plot of the same reaction reveals a non- 
linear relationship. 
Figure 7.5 shows a plot of C 2H5OH consumed versus J time during 
reaction for 30 minutes on a clean titanium film at 313 °C 
(see figure 4.9). 	The same plot for the second reaction at the 
same temperature, after 15 minutes evacuation at that temperature, is 
illustrated. 	In this case the relationship for C 2H5OH consumed, 
carbon loss and 02H6 + C2H4 formation is linear from almost the 
beginning of the reaction. 	Also shown in figure 7.5 is a parabolic 
plot of the reaction of CH 50H at 313°C  on a water pre-treated film 
(see figure +.9). 	again it was observed that the relationship is 
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Only reactions of dimethyl ether and of diethyl ether on clean 
titanium films have been studied. 	Figure 7.6 shows a parabolic 
plot of the reaction of CH 3OCH3 at temperatures of L+OO °C and 460° C 
(see figure 5.3). 	In both cases the CH 300H3 consumed is linear 
from the start of the reaction, but the formation of carbon loss and 
CH 41 which is linear from almost the beginning of the reaction, 
falls away tcwards the end. 
Figure 7.7 shows the parabolic plot of the reaction of 
C2H50C2 H5 at 3130C and 355 ° C (see figure 6.1). 	In contrast to 	the 
observed behaviour of CHOCH 3 , the relationship is non-linear at 
the beginning of the reaction for 0 2H50C2H5 consumed and formation 
of products, but follows a linear relationship at later stages 
(this is similar to the parabolic plots of the reactions of methyl 
and of ethyl alcohol on clean titanium films). 
It has been shown that the parabolic law holds from the start 
of the reaction for CH 3OH and 02H50H consumed during a second reaction 
and reaction on water pre-treated films. 	Hence in these reactions 
we are observing in effect simply an oxidation of titanium rather than 
a truly catalytic process, with the rate determining process being 
diffusion of oxygen through the surface oxide layer to the underlying 
metal. 
Investigations of the reacticns of alcohols and ethers on freshly 
evaporated titanium films have thus revealed that carbon-oxygen bond 
rupture occurs resulting in the "clean" surface becoming exidiseci. 
Carbiding of the surface was also observed to be continually 
occurring during a reaction. 
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In the reaction of alcohols, chemisorption probably involved a 
two-stage process 
ROR(g) + Ti 	Ti.R + OH(a) 
Ti + 011(a) 	0(Ti) + H(a) 
A feature of the reactions of methyl and ethyl alcohol was the 
tendency for carbc'n-carbon bond formation which ceased after the 
initial burst of activity (i.e. when the surface had become covered 
with a layer of oxygen). 	Carbon-carbon bond formation probably 
occurred by combination of two alkyl groups attached to the same 
titanium atom 
-- 	
> \_7 R.R(g)  
Ti  
It was also observed in the reaction of ethyl alcohol that titanium 
was not active for the fission of carbon-carbon bonds. 
In the reactions of methyl and of ethyl alcohols, the rate of 
formation, at later stages in the reaction, of methane and ethane 
respectively was probably determined by the rate of oxygen diffusion 
into the titanium film 
0 H 	 R H 
o 6 6 oo 	61 	O 0 0 0 0+RH 
Ti Ti Ti Ti 	Ti Ti Ti Ti 	Ti Ti Ti Ti 
0 	 0 
It has been observed that the parabolic law (a plot of alcohol 
consumed versus Jtime) holds from the beginning of a second reaction 
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on the same lm 	a reaction on a water pre-treated film. 	It has 
thus been shown that in these reactions we are observing in effect 
simply an oxidation of titanium rather than a truly catalytic process, 
with the rate determining process being diffusion of oxygen through 
the surface oxide layer tc the underlying metal. 
In the reaction of ethers, adsorption was less strong than that 
of the corresponding alcohol which resulted in chemisorption probably 
occurring in the following manner 
R 
ROR+Ti 	 > 0 	R 
Ti Ti 
Formation of the major products probably occurred by means of 




0 	 > saturated + unsaturated 
Ti Ti 
In the case of dimethyl ether only methane was formed, but in 
the reaction of diethyl ether, ethane and ethylene were formed in 
roughly equal amcunts. 
Carbon-carbon bond formation was absent in reactions of ethers 
due to the ether being less strongly adsorbed than the corresponding 
alcohol resulting in the situation of two alkyl groups attached to the 
same titanium atom not occurring. 	Carbon-carbon bond fission in 
diethyl ether was also absent. 





	Program for Surface Area Calculation 








SPACES( 4 )  
%PRINTTEXT' PE/PO' 
READ (liKi ) ; READ (1112) 
PK1=HK1 0.001 ;PK2=HK20.001 
READ ('r5 





PRINT (PK2/((PO_PK2)VA), 1,3) 
SPACES(12) 
PRINT(PK2/P0 ,1 ,L.) 
READ (I) 
%CYCLE J=i,i,I 
READ (11K 1) ;READ (HK2) 
PK1=HK10.001 ;PK2=H1C20.001 





PRINT(PK2/( (PO-PK2)VA) ,1,3) 
SPACES(12) 
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2. 	Program for CalculatingPercentage Composition of 
Methanol Reaction. 
The language is Fortran 










31 FORMLT(5X ,3HCHLf,5X,L.HC2H6 ,5X,i+HC3H8,kX, 7HCH3OCH3,3X, 
C5HCH30H, 5X, 2HC 1 ,2X//) 
DO 3 K=i,ISETS 




DO 1 1=1,5 
G(I)=L(I)F(I) 
1 SIGMA=SIGMA+G( I) 
G(6 )=TOTSIJM-SIGM 
DO 19 1=1 9 6 
19 PER(I)=G(I)1OO/TOTSUI4 
WRITE(6,32) (PER(I),I=1,6) 
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3. 	Program for Calculating Percentage Composition of 
Ethanol Reaction 
The language is Fortran 





DO 3 1 =1,IRUNS 




3 FOrMhT(6X, LfHC2H6 , 7X,SHCLFII1O, 9HC2H50C2H5,3X, 611C2H5O11 , 
C7X, 2dC2 , 2X//) 





DO 1 1=1k 
G(I)=L(I)F(I) 
1 SIGMk=SIGMA+G( I) 
G(5 )=TOTSUM-S1GiIA 
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k. 	Program for Calculating Percentage Composition of 
Dimethyl Ether Reaction 
The language is Fortran 
DIMENSION IJ(7),G(7) ; PER(7),F(7) 
PEAD(5,24) IRUNS 
24 FORMIT(I2) 
L'EJ.D(5 1 22) (F(J) J=1,6) 
22 FORMT(6F5.3) 





31 FORNT(7x,3HCH  8X. LfHC2H)+, 7X, i+HC2H6 ,7xkHc3H6 , 7X, 
C4HC3H8, 6x, 7HCH3OCH3, 7X, 2HC2 , 2X//) 








DO 19 1=1,7 
19 P2iP(I)=G(I)10u/TOTSUJ 
WRITE(6,32) (P]Li(I),I=1,7) 
32 FOPMLT(7F11 .2//) 
3 COLiINUE 
END 
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5. 
 
Program for Calculating Percentage Composition of 
Diethyl Eth er Reaction 
The language is Fortran 
DIMENSION n(6) ,F(6) ,G(6) ,PER(6) 
READ(5,21+) IRUNS 
24 FORMiT(I2) 
PEJD(5 1 22) (F(J) ,J=i,3) 
22 FORMAT(3F53) 





31 FORYIAT(6X,I+TC2H6,7X,5HCLfH1O,kX,9HC2H5OC2H5,3X,2HCk, 2X//) 
DO 3 K=1 ,ISEt?S 








DO 19 L1,4 
19 PER(I)=G(I)1OO/TOTSUM 
JRITE(6,32) (PER(I),T=1,4) 
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